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^ ' Abstract 

, ^ , ' Knowledge of the progenitors of core-collapse supernovae is a fundamental component in under- 

, standing the explosions. The recent progress in finding such stars is reviewed. The minimum 

' initial mass that can produce a supernova has converged to 8 ± IMq, from direct detections of 

o ■ 

^ . red supergiant progenitors of II-P SNe and the most massive white dwarf progenitors, ahhough 

QQ ■ this value is model dependent. It appears that most type Ibc supernovae arise from moderate 

o . 

0^ . mass interacting binaries. The highly energetic, broad-lined Ic supernovae are likely produced 
O 

by massive, Wolf-Rayet progenitors. There is some evidence to suggest that the majority of 



' massive stars above ~20Mq may collapse quietly to black-holes and that the explosions remain 

H ■ 

undetected. The recent discovery of a class of ultra-bright type II supernovae and the direct 
detection of some progenitor stars bearing luminous blue variable characteristics suggests some 
very massive stars do produce highly energetic explosions. The physical mechanism is open to 
debate and these SNe pose a challenge to stellar evolutionary theory. 
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1 Introduction 



Stellar explosions have shaped the nature of the visible Universe. The chemical 
elements heavier than boron were created in stars and propelled through the 
galactic interstellar medium by virtue of the enormous kinetic energies liberated 
during stellar deaths. The most massive stars are the primary drivers of galactic 
che mical evolution with for example ^0.4M(7) of oxygen ejected by every ISMq 



star ( Thielemann. Nomoto. and Hashimoto 



19961 ). Such stars (with masses more 



than about 7-10Mq) have long been thought to produce supernovae (SNe) when 
their evolutionary path ends with a core of iron and further nuclear burning no 
longer provides therma l pressure to suppo r t the star. Given the astrophysical 



knowledge at the time, IBaade and Zwickvl (| 19341 ) made a great leap of faith in 



predicting their newly named super-novae in external galaxies were the deaths 
of massive stars that produced neutron stars and high energy cosmic rays. This 
paradigm has stood for more than seventy years with great efforts invested to 
understand supernovae and their remnants. A major goal has been theoretically 
predicting what type of stars can produce iron or oxygen-magnesium-neon cores 
and coll apse to give these explosions (for example, a non-exhaustive list of recent 



work is: IWooslev. Heger. and Weaver 



2004 



Hirschi. Mevnet. and Maeder 



2002 



Heger et al 



2001 



Eldridge and Tout 



20041 ) . Observationally testing these models 



with measurements of the physical characteristics of the progenitor stars alongside 
the explosion parameters can constrain the theory. 

The mechanism of conversion of gravitational potential energy from the col- 
lapsing 1.4M0 Fe core (with a radius similar to that of the earth) into a shock 
induced explosion has been the subject of intense theoretical activity in the mod- 
ern computational era. The bounce from the imploding mantle rebounding off 
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the nuclear density proto-neutron star does not injec t enough energy to produce 



a shock with enou gh momentum to reach the surface (jWooslev and Weaver 



Janka et al 



1983, 



20071 ). At the extreme temperatures and densities in the collapsing 
core, neutrinos of all three flavours are created with a total luminosity of around 
3 X 10^^ ergs. Deposition of a small fracti on of their energy has been proposed as 



the energy source to drive the explosion (jjanka et al 



20071 ) and r ecent work has 



advocated the idea of acoustic vibrations of the proto-neutron star (jBurrows et al 



20061 ). The discovery of ne utrinos from SN19 87A confirmed the collapsing core 



idea in spectacular fashion (jHirata et al. 



1983) 



The community is patiently waiting for a Galactic core-collapse event to test 
this physics with, presumably, a strong neutrino and gravitational wave sig- 
nal. The younges t SN remnant in the galaxy Gl.9+0.3 is of order 150 yrs old 



(Green et al 



20081 ) and we may have a long wait for the next. Constraints on the 
models of stellar evolution, chemical element synthesis and explosion mechanisms 
thus rely on the studies of SNe and their progenitor stars in other galaxies in the 
Local Universe. Supernovae from massive stars (CCSNe) have observed kinetic 
energies of typically ~ 10^^ ergs and their integrated luminosities are usually 
1-10% of this value. However they display a huge range in their physical charac- 
teristics, including chemical composition of the ejected envelope, kinetic energy, 
radiated energy and the explosively created radioactive composition (^^Ni, ^^Ni, 
^^Ti). Their properties are much more diverse than the thermonuclear type la 



SNe, which originate in white dwarf binary systems ([Hillebrandt and Niemevei 



2000). The energetically most extreme CCSNe are those associate d with GRBs 
with kinetic energies of 2 - 5 X 10^2 ergs (IWooslev and Bloomll2006i '). A new class 
of ultra-bright SNe have total radiated energies ~ 10^^ ergs, (see Section [6^ . 



6 Supernova Progenitors 

This diversity reflects the large range of stehar types seen in the upper region of 



the Hertzsprung Ru s sel Diagra.m (HR D) above ~10Mq (jHumphrevs and Davidson 



1994 



Massev 



20031 . 



Crowther 



20071 ). Mass, binarity, metalhcity, rotation rate, 



mass-loss rate and probably magnetic fields play critical roles in forming evolved 



(Pod 


siadlowski. Joss, and Hsu 


1992 


. Heeer and Laneer 


2000 


. Eldridee and Tout 


2004, 


Hirschi. Mevnet. and Maedei 


2004, 


Yoon and Laneei 


2005 


)■ 



The last decade has seen direct discoveries of many SN progenitors and an ex- 
plosion in the numbers and diversity of SNe discovered. This review will discuss 
the remarkable and rapid progress there has been in the last decade in identifying 
massive stars which have subsequently exploded. For every nearby CCSNe which 
is discovered the global astronomical archives can be carefully searched to iden- 
tify deep, high resolution images of the CCSN position before explosion. Precise 
positioning of the CCSN location on these pre-explosion images, with space and 
ground-based large telescopes, offers the possibility of massive progenitor stars to 
be identified. Extraordinary theoretical progress has been made since Zwicky & 
Baade by comparing stellar evolution models to lightcurve models of SN obser- 
vations. Multi-wavelength surveys have discovered a huge diversity of explosions 
and outbursts. The possibility of glimpsing stars before they explode is a new 
and powerful way to test theory. This review focuses on linking the knowledge 
we have gained from these observational discoveries to our knowledge of stellar 
evolution and the explosion parameters of SNe. It is a summary of the observa- 
tional advances in the field, although some of the most interesting results come 
from interpretation of the observations using theoretical stellar evolution models. 
Where quantitative results depend on models, this is specifically mentioned. 
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2 Supernovae and resolved stellar populations in nearby galaxies 

2.1 Supernova types and classification 

Supernovae are primarily classified by the appearance of their optical spectra, 
usually around the time of peak brightness. A th orough review of the types and 



Filippenkd (|l997l ). The article 



the criteria used to classify them is provided by 
points out that the approach of is largely taxonomical and that there is value in 
grouping similar SNe as variations of broad themes, rather than the introduction 
of new types. This has largely held true in the last ten years and with many 
new observational discoveries the same SN types are by and large used. The 
type I SNe are defined by the lack of hydrogen features (either in emission or 
absorption). Type la SNe also show no helium features but have a characteristic 
Si absorption feature. Type lb have unambiguous signatures of helium and type Ic 
SNe show no hydrogen or helium. Both lb and Ic SNe show strong features of the 
intermediate mass elements O, Mg and Ca. The type II SNe are all defined by the 
presence of strong hydrogen lines and a further sub-classification is made based 
on the lightcurves. Most type II SNe can be further subdivided into the II-P SNe 
(which show a plateau phase) and the type II-L which exhibit a linear decay after 
peak brightness. The type Iln SNe show hydrogen emission lines which usually 
have multiple components of velocity and always have a strong "narrow" profile. 
There are often variations on these major sub-categories, for example SN1987A 
is usually referred to as a plateau-type event but was clearl y peculiar. The type 



Ic SN e which are associated with long gamma-ray bursts ([Wooslev and Bloom 



20061 ) all show much broader lines than typical Ic SNe. They have been referred 



to as "hypernova" or broad-lined Ic SNe, due to them having large inferred kinetic 
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energies. It can often be hard to distinguish between the lb and Ic SNe and it 

is useful oft en to term the gr oup Ibc SNe and such terminology will be used in 



this review (jFilippenko 



19971 ). Finally the lib SNe are those which begin with 
spectra like type II but evolve rapidly to exhibit He lines, and at the same time 
the H lines weaken and disappear. . 



2.2 Supernova surveys and explosion rates 

The SNe for which one can directly attempt to identify progenitor stars must 
be fairly nearby (^30 Mpc) or the obvious problems of resolution and limiting 
magnitude render searches meaningless. SN discoveries in catalogued galaxies 
in the local Universe (within about 140 Mpc) have been domin ated by the Lick 



Obse rvatory Supernova Search over the past 10 years (LOSS; 



2001 



Filippenko et al. 



), although a large number of well equipped and experienced (but unsalaried) 
astronomers with 0.3-0.7 m telescopes play a major role in discovering the closest 
explosions (e.g. K. Itagaki, T. Boles, T. Puckett and R. Evans are amongst the 
most prodigious SN hunters working outside professional astronomical institu- 
tions). How many nearby SNe are missed due to dust extinction in their hosts, 
or intrinsically faint luminosities, or neglected faint host galaxies, is still an open 
question. And how those issues could affect the relative rates of different physical 
types of explosion is also not well understood. This may be addressed in future 
all-sky imaging su rveys with larger apertures such as Pan-STARRS and LSST 



(jYoung et al 



2008 ). 



The existence of an initial mass function (IMF) with a slope that strongly 



favours the formation of lower mass stars is now we^ 



massive stars in the Local Universe ([Elmegreen 



2008 



1 estab 



Massev 



ished to exist for 



2003|). IfCCSNe 
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arise from stars with masses greater than about 8Mq then the IMF necessitates 

that stars in the 8-15M0 mass range should dominate the rate of explosions 

(60% of all, assuming a Salpeter slope of r=-1.35). Of course this is moderated 

by the effects of stellar evolution, binarity, initial rotation and metallicity. The 

frequency of occurrence of the different SN types and their true rate can give 

principal constraints in establishing their nature. This section will distinguish 

the measurement of SN rates (the true rate of explosion per unit time and per 

unit of galaxy luminosity) and the relative frequency of SN types (the relative 

occurrence of each different subtype). Table[T] lists the relative frequency of each 

sub- type from five different studies. 

The most reliable measurement of the local SN rate is still that of 



Cappellaro. Evans, and Turatto 



(|l999l ). They split the CCSN types into two broad categories of type II and 
type Ibc and applied simple empirical bias corrections to mitigate the effects of 
galaxy inclinat ion a nd extinction in their visual and photograp hic methods. Both 



Li et al. 



(120071) and 



van den Bergh. Li. and Filippenkd (|2005l ) have used the dis- 



coveries of the LOSS only to estimate relative frequencies within distance limits 



of about 30 Mpc and 140 Mpc (the limit for t 



further than 



Cappellaro. Evans, and Turatto 



lib SNe from the overall type II class. 



le LO SS) respectively. They go 



19991) in sepa rating the Iln and 



Smartt et al. 



([20091) have compiled all 



SNe discoveries in the literature in a fixed 10.5 year period within galaxies with 
recessional velocities V^\^ < 2000km s^^ (corrected for Virgo infall, this implies a 
distance of 28 Mpc, assuming Hq = 72kms~^) and reassessed all available data 
on the 92 CCNe to estimate the relative frequency of all the subtypes. The 
agreement between these four studies, which have different distance and volume 
limits and sample a wide range of SN surveys, is reasonably good and within 
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the Poisson statistical uncer t aintie s there is no clear discrepancy between them. 



Prieto. Stanek. and Beaconj (|2008l ) caution that their sample of SNe in SDSS 
star-forming galaxies would suggest that the ratio of the frequency of Ibc to II 
(-^ibc/^ii) goes down from 0.4 it 0.1 at solar metallicity (Z©) to 0.1 ± 0.1 at a 
metallicity of O.SZq. The results in Table 1 effectively average over metallicities 
between about 0.3-2Zq (see Smartt et al. 2009 for a discussion). The agreement 
between the studies suggests that the relative frequencies (averaged over near 
solar metallicities) of the subtypes are now reliably determined. In the future the 
challenge will be to determine metallicity dependent rates with better measure- 
ment resolution, more statistics and more accurate nebular oxygen abundances 
of the SNe environments. 

An important question is how complete the local samples of SNe are. At the 
di stance limits of 28-3 Mp c (n c± 32 3) on e might naively think that the samples 



of 



Smartt et al. 



(120091) and 



Li et al. 



(|2007l ) do not suffer serious bias from missing 



known classes of SNe, as the limiting magnitude of LOSS and other well equipped 
amateur searches is around mccD ~ 19. However this is far from clear and there 
are argu ments put forward recently that we may e ven be missing events within 



10 Mpc (jThompson et al. 



20091 . 



Smartt et al 



20091 ). The physical interpretation 



of the relative frequencies and the possibility of missing events will be further 
discussed in Sections [4.5l and [HI 



2.3 Extragalactic stellar astrophysics from space and the ground 

The study of individual massive stars in resolved galaxies out to ~20 Mpc has be- 
come fairly routine with 15 years of post-refurbishment Hubble Space Telescope 
(HST) operations. The HST Key Project on the Extragalactic Distance Scale 
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is a pioneering example of the feasibility of carrying out quant itative photom- 



etry on individual stars in other galaxies (jFreedman et al 



2001 



The Cepheid 



variables have typical masses of 5-10M (7i, absolute magnitudes of My —6 and 



(V^ — /) ~ 1 (jSilbermann et al 



19991 ). The Key Project surveyed galaxies out 



to around 21 Mpc identifying variable stars at F ~ 25 — 26.5™ and providing 
photometric precision to around 0.1-0.3"^ (in HST WFPC2 exposures of around 
2500 s). The limit for HST images for this type of quantitative photometry is 



probably around 30-40 Mpc (|Newman et al 



19991 ). Certainly within 20 Mpc it is 



possible to resolve the brightest and most massive stars in star forming galax- 
ies. At 20 Mpc, the 2-pixel diffraction hmited resolution (at '-SOOOA) of HST's 
Wide-Field-Channel (WFC) of the Advanced Camera for Surveys (ACS) of 0.1 
arcsec corresponds to 5pc. Thus single stars can be confused with t he most com 



pact stellar clusters whic h can have diameters of between 0.5-10 pc (jLarsen 



Scheepmaker et al 



2004 



20071 ). It is often possible to distinguish clusters from single 



stars with a combination of spectral-energy- distribution (SED), shape analysis 



and absolute luminosity (iBastian et al 



20051 ). Although the analysis methodol- 



ogy must be meticulous, resolving and quantifying the flux of individual stars at 
these distances is quite possible in HST images. If a SN is located spatially coin- 
cident with a compact and presumably coeval stellar cluster then it can provide 
a further reliable constraint on the progenitors age and mass. 

The largest ground-based 8-10 m telescopes have also played a vital role in 
probing the stellar content of galaxies. Natural seeing at the best sites on earth 
provides 0.6 arcsec image quality routinely in the optical and near infra-red. The 
distance limit within which massive stars have been quantitatively studied is re- 
duced by a factor of approximately 6 compared to HST campaigns. The Araucaria 
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Project has studied Cepheids and massive blue supergian ts in spirals between 2- 



4.4 Mpc (jKudritzki et al 



2008 



Garcia- Varela et al 



20081 ). High signal-to- noise 



quantitative photometric and spectroscopic data allow application of model at 
mosphere and stellar wind models to determine fundament al parameters of mas - 



Bresolin et al 



2001 



sive stars, even out to distances of 6-7 Mpc (e.g. NGC3621 
While the targets for spectroscopic study are the brightest, most massive and 
hence rarest of all massive stars, these studies show that extragalactic stellar 
analysis is practicable. Stars may be predominately formed in clusters, but dis- 
solution of moderate mass, unbound clusters on ti mescales of a few tens of Myrs is 



proba,bly common place in star forming galaxies. (jChandar. Fall, and Whitmore 



2006 



Pellerin et al 



20071 ). Hence the possibility of massive stars being r esolvable 



i n eith er field populations or resolved OB associations is relatively good. 



Davidge 



()2006l ) has studied the resolved red supergiant population of M81 in the NIR 



showing that the most massive 10-20Mq stars peak at magnitudes Mk = —11.5. 
Using accurate stellar photometry from a 4m ground based telescope (the Cana- 
dian France Hawaiian Telescope in this case), individual stars were easily resolved 
and used to measure the recent star formation history of the disk. 



2.4 A decade of intensive searching for progenitors 

The superbly maintained and publicly accessible archive of HST precipitated 
the search for the progenitors of CCSNe discovered in nearby galaxies. The 
HST archive has become a model for other space and ground-based observatories 
world-wide. As described above, galaxies within about 20-30 Mpc, have resolved 
massive stellar populations in HST images and these galaxies are all on the SN 
search list of LOSS and the global amateur astronomy efforts. 
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Studies of the unresol yed environmen ts an d host galaxies of SNe started in 



earnest in the 1990s with 



Van Dvkl (119921 ) and 



Van Dvk. Hamuv. and FiUppenko 



(|l99d ) suggesting that there was no obvious trend for Ibc SNe to be more closely 
associated with giant H 11 regions than type II SNe. Archive and targeted observa- 
tion work with HST began after the first serv icing mission with grou ps looking at 



1999b|). By the late 



the resolved stellar populations around SNe (jVan Dvk et ali 
1990's the HST archive, along with the highest resolution ground based image 
archives, were rich enough that it was only a matter of time before SNe ex- 
ploded in galaxies with resolved massive star populations. The cases of SN1987A 
and SN1993J had shown the feasibility of progenitor classification albeit in very 
nearby systems (see Section[3]). Two groups in particular began actively searching 
for archive pre-explosion images for all nearby SNe. Perhaps surprisingly the iden- 
tification of progenitor stars at the positions of these SNe was more difficult than 



first thought, with good images of the I 



ing no progenitor (jSmartt et a?.l 12001 



■P SN 



2002 



e 1999em, 1999gi and 2001du show- 



20031 . 



Van Dvk. Li. and Filippenko 



2003bll. Extensive searches of the HST archive were carried ou t by both groups 



(jVan Dvk. Li. and Filippenb 



2003c 



Maund and Smartt 



20051 ) again with lit- 



tle success. Although progenitors were not discovered, the large numbers of 
events and the restrictive luminosity limits were to play an important role in 
investigating progenitor populations (Section H] and [5|). The first unambigu- 
ous discovery of a stellar progenitor in these painstaking searches of the HST 



archive which allowed the ste 



(jVan Dvk. Li. and Filippenko 



lar progenitor to be 



2003a 



Smartt et al 



quan tified was for SN2003gd 



2004 ) . showing the expected 



red supergiant progenitor of a type II-P SN (see Section ll.l.ip 

As these studies showed, conclusive evidence of association of a SN with a 
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progenitor in high resolution HST images requires differential alignment to within 

10-30 milli-arcsec, hence observation of the SN with either HST or adaptive optics 

ground-based systems is essential. There is a long list of misidentifications of 

progenitors which have used eith er low resolution i mages or astrometry with 

unacceptably large errors (e.g. see lSmartt et a/.ll2009l ). 



The discovery of the progenitor of SN 2003gd was followed by the hunt for 
progenitors for all nearby SNe in HST or g r ound -based images and these are 



discussed in Sections, 4 and 5. ISmartt et al 



( 2003 ') reviewed all SNe discovered 



within 28 Mpc in a 10.5 yr period (see Section[22]) and found a 26% chance that 
a CCSN within this volume would have an image in the HST archive taken 
before explosion, with the SN site on the field of view of WFPC2 or ACS. The 
community have been extending this search for the precursor obj ects and systems 



to both the Spitzer and Chandra archives (see Section H3] and 



Nelemans et al. 



2008 



Prieto et al. 



2008l l 



2.5 SN impostors and their progenitors 

The most massive stars very likely pass through a luminous blue variable (LBV) 
phase during their lifetime and the progenitors are thought to be core-H or 
core-He burning stars, ejecting their outer H (and He) envelope as they expe- 



rience high mass-lo ss rates and o n the way to 
tion[6l Figure[9] and 



Massev 



20031 . 



Crowthei 



aecoming WR stars (see Sec- 



20071 ). During this phase Galactic 



and Local Group LBVs are known to show sporadic and unpredictable vari- 
ability. Many show modulated mass-loss and variability of a few magnitudes 
(commonly known as S-Doradus type variability). However occasionally they 
can undergo giant outbursts, such as the great eruption of r/-Carina in 1843, 
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which reached an amazingly bright My — —14.5. Such energetic outbursts 

have been recently discovered in nearby galaxies as optical transients initially 

identified as SN candidates. Spectroscopy usually provides fairly unequivocal 

classification of these transients as LBV eruptions and outbursts rather tha n 



2000) 



SNe and they have been termed "supernova impostors" (jVan Dvk et al. 
The identification and characterisation of these precursor stars will not be dis- 
cussed in detail here, although we will discuss the possibility that LBVs die in 
a complete destructive explosion in Section[6l The likely LBV giant eruptions 
which were originally pven supernova designations and have progenitors ident i- 



fied are ar e SN 1961V (iGoodrich et al 



SN 1954J (IVan Dvk et al 



SN1997bs ( Van Dvk et al. 



2005 



1989 



Smith et al 



Van Dvk. Filippenko. and Li 



2001 



) ; SN1978K 



2000); SN20 02kg and SN2 03gm (jMaund et al 



A complete list of nearby events is in 



Smartt et al. 



2002al) : 



Rvder et al 



19931 ) 



20061). 



([20091) which suggests that 



the rate of these transients make up about 5% of all SN candidates in nearby 
galaxies. 
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3 Two fortuitous and surprising events: 1987A and 1993J 

Up until the establishment of voluminous space and ground-based archives that 
now allow regular searches, the hunt for progenitor objects was confined to the 
closest events. Two SNe with clear detections of a stellar source at the SN position 
are the well documented SN 1987A and SN 1993J. Both of these events were 
peculiar in their own way and surprised the SN and massive star communities 
by not matching the canonical pre-collapse stellar evolution ideas of the time. 
SN1993J is most usefully discussed first as the interacting binary model has 
implications for understanding SN1987A retrospectively. 

3.1 The binary progenitor system of SN1993J 

The explosion and v ery early discovery of SN 1993J in M81 (d = 3.6 Mpc, 



Freedman et al 



200 ll ) provided an unprecedented opportunity to follow the evolu- 
tion of a core-collapse SN in the northern hemisphere with modern observational 
techniques. The wealth of images of this nearby spiral made a progenitor iden- 
tification almost inevitable. The photometric and spectroscopic evolution were 
both peculiar, although it matched SN1987K and many similar examples have 



been found since 1993 (jMatheson et al. 



2000) • The lightcurve rose to a sharp 



peak only 4 days after explosion, faded to a minimum 6 days later and rose 
to a secondary peak at 25 days. The optical spectra of SN 1993J underwent a 
transformation from a type II to a lb. After 2-3 weeks the spectra showed unusu- 
ally prominent He I abso rption features and th e Ha P-Cygni emission component 



weakened substantially (jMatheson et al. 



2000l ) . The lightcurve was well matched 



with models of an explosion of a He core of mass 4-5Mq which had a residual low 
mass H-envelope (of around O.2M0). Three independent models of the lightcurve 



Smartt 



r 



came to essentially similar conclusions for the ex ploding star f|Nomoto et al. 



Podsiaklowski et al 



1991 



Wooslev et al 



■47 



1993 . 



19941 ) ■ The low-mass, but radially ex- 



tended (~5OOR0) H-envelope is required to produce the initial sharp peak in the 
lightcurve and this qualitatively accounts for the transformation of the spectral 
evolution from a II to a lb. The three physical models all suggested an interacting 
binary scenario to produce the 4-5M0 He core ; a primary star of initial mass 
around ISM© becomes a He core-burning red supergiant which fills its Roche 
lobe and loses around lOM© during mass transfer. 

A progenitor object coincident with the position of SN1993J was rapidly iden- 
tified and a detailed study of its UBVRc Jc, spectral energy distribution from a 
homog eneous set of deep images emerged 



Aldering. Humphreys, and Richmond 



(| 19941 ) found that the SED could only be fit with two components. A red super- 
giant of spectral type G8-K5I matched the VRqIq colours and a blue component 
from either an OB association or single supergiant was required to account for 
the apparent excess in the UB bands. The binary scenario of the progenitor be- 
ing a stripped K-type supergiant and the secondary star being an OB-supergiant 
was attractive as it could neatly account for the lightcurve model results, the 
spectral evolution and the progenitor colours and luminosity. The ground based 
resolution of the best seeing images (1.5 arcsec at best in the blue and 1.1 arcsec 
in Iq) corresponds to about 20 pc hence the possibility of the progenitor being 
embedded in an OB association was plausible. SN1993J remained bright in the 
optical for many years due to stron g nebular lines produ c ed by interaction o f the 



ejecta with circumstellar material ( 



Matheson et al. 



200C 



Weiler et al. 



2003) and 



this dense CSM was presumably created during the mass-transfer phase. Hence 
it required a wait of almost 10 years to search for the putative companion. 
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Van Dvk et ah ((2002ai) analysed HST UBVRI images of the site of SN1993J 



taken between 1994-2001 and suggested that 4 stars lying within a radius of 2.5 
arcsec of the progenitor position could have had enough flux in the U and B 
bands to account for the excess seen in the pre-explosion images. However this 
depends on how the fluxes are modelled and combined and it also depends on 



how the flux of the pre-explosion source is determined. 



Van Dvk et al 



(2002a 



presented a sum of the fluxes of the neighbouring bright stars (stars A, B, C and 



D in Figure[Tl) employing both a simp 



e sum and Gaussian weighted estimate. As 



Aldering. Humphrevs. and Richmond! (|1994| ) used a careful PSF fitting method 



the latter is probably most accurate. They found that the combined fluxes of the 
neighbouring blue stars are nearly 1.4 magnitudes fainter than the pre-explosion 
B flux and 0.8 magnitudes fainter than the U ban d flux. The large uncertain- 



ties (±0.5 magnitudes), led 



Van Dvk et al. 



(|2002al ) to suggest that within the 



errors one could not yet claim definite evidence of further blue flux from a binary 
c ompanion at t h e SN position. 



Maund et al. 



(|2004l ) went somewhat further and imaged SN1993J ten years 
after explosion with the ACS High-Resolution-Camera (HRC) on HST and took 
deep UB-hand spectra of the SN at a moderate resolution (2.4A) with the Keck I 
telescope. The ACS image is shown in Figured with SN1993J still quite bright 
at this epoch (Mb — ~8). They estimated the total flux contributions of 
the neighbouring sour c es (stars A-G in Fig urefH) and found similar results to 



Van Dvk et al. 



2002a|). 



Maund et al. 



(|2004l ) were somewhat bolder in their con- 



clusions and stated that the sum of the Gaussian weighted fluxes in the high 
resolution images was unlikely to be able to accoun t for the excess UB lig ht in 



the pre-explosion images. The numerical results of 



Van Dvk et al 



(2002a) and 



Smartt 
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(|2004l ) are not discrepant and the conclusions drawn differ in the 
interpretation of t he sum of the fluxes of stars A-G. In r neasu ring the i?-band 
pre-explosion flux, lAldering. Humphreys, and Richmond! (| 19941 ) note that their 



PSF fit to the S-band leaves residuals to the north and south and comparing 
their Fig. 1 with the HST image in Figure[T] here, it looks likely that stars A+C 
are the northern residual and B+D make up the southern residual flux. Hence 
the excess UB-hand flux detected at the progenitor position is not due to sur- 
rounding OB-stars and this now appears quite clear i n the ACS images. T he high 
signal-to-noise ratio of the Keck spectrum taken by 



Maund et al 



(1200J) shows 



distinct sharp absorption features at the position of the Hi Balmer lines which 
were attributed to a B-type supergiant binary companion lying coincident with 
the SN1993J remnant flux. They found consistency between the pre-explosion 
magnitudes and the flux required to produce the absorption lines for a binary 
system with a B-type and K-type supergiant shown in Fig. [21 

This represents a rather satisfying picture for SN1993J in which the unusual SN 
evolution is accounted for by explosion of a stripped K-type supergiant and the de- 
tailed studies of the progenitor before and after explosion now strongly support a 



binary system. The original mass-transfer binary model of 



Podsiadlowski. Joss, and Hsu 



Maund et al. 



1992 ) was adjusted, but only slightly, to better match the observations in[ 
20041 ) . Figure[2] illustrates the pair of 15+14M0 stars with an initial orbital 
period of 5.8 yr. The mass transfer rate is initially high (reaching a peak of 
4 X IO^^Mq yr^"*^) and around 2M0 is lost to the surrounding CSM. In this model, 
mass transfer begins at the end of core He burning when the star has about 
20,000 yrs to go b efore collapse. The extensive radio monitoring campaign of 



Weiler et al 



(j2007l ) suggests a sudden increase in the progenitors mass-loss rate 
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~8000 yr before the SN and this is also supported by the X-ray Hghtcurves. This 

would, approximately, match the timescale for mass lost during the mass transfer 

model. 

Although this is a fairly consistent scenario, perhaps there are other surprises 
in store, as the radio and x-ray fluxes are now dropping indicating that the lumi- 
nous interaction phase is coming to an end. This n iay al low a clearer detection of 



the progenitors companion, as the 



Maund et al 



(|2004l ) ground-based spectrum 



and HST magnitudes were contaminated wit 



tion. 



1 the still bright remnant interac- 



Rvder. Murrowood. and Stathakid (j2006l ) have suggested a similar interact 



ing binary system as the progenitor for the lib SN2001ig. This event bears many 
similarities with SN1993J and a point source visible ~1000 days after explosion 
could be blue supergiant (B to late F-type) companion. 

The SN that produced the Cassiopeia A remnant occurred about 1681 AD at a 
dista nce of around 3 k pc. The detection of the scattered light echoes from Galactic 



SNe (Rest et al 



20081 ) now allows spectra of the scattered SN light (from around 



peak) to be collected (jKrause et al 



20081 ). This stunning look back at the SN 



showed Cassiopeia A t o be of type l i b, ver y similar to the time averaged optical 



spectrum of SN1993J. 



Krause et al. 



(j2008l ) point out the lack of a detection of 



any viable binary con ipanion for the Cas A progenitor and suggest an alternative 



merger scenario (e.g. 



Nomoto. Iwamoto. and Suzuki 



19951 ). However as will be 



discussed in Section [5T2] it is possible that some lib come from massive single 
WN-type stars. 
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3.2 The nearest progenitor : SN1987A 

The most famous stellar progenitor of a supernova is Sk — 69°202 which co l 



to give SN1987A in the Large Magellanic Cloud (LMC). 



White and Malin 
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apsed 



showed this star to be coincident with the SN very soon after discov ery and a trawl 



throu gh the photographic plate material for the LMC provided IWalborn et al 



(jl989l ) with several spectra of the star and UBV magnitudes. These convincingly 



suggest a spe ctral type of B3L a, Tgfj ~ 15750 (from the calibration of LMC 



B-supergiants 



Trundle et al. 



2003) and hence logL/L0= 5.1 ± 0.1. This star 



has certa inly disappeared and we can now pr obe deep into its core as the ejecta 



expands ([Graves et al. 



2005 



Kiser et al. 



of the event already exists (e.g. 



Arnett 



19871 . 



2007 ) . Extensive analys is and discussion 



Arnett et al. 



19891 ) and this section 



will focus on putting SN1987A and its blue progenitor star into context with the 
knowledge we now have of other progenitors. 

The detection of a neutrino burst preceding the optical explosion epoch and 
the disappearance of a massive star confirms the basic theory of core-collapse. 
The main surprise in the S N1987A event was t hat it s progenitor s t ar wa s a blue 



super giant. As discussed in 



Arnett et al 



(|l989l ) and 



Smartt et al. 



((20091) the lu- 



minosity of logL/LQ= 5.1 lb 0.1 should be compared with the evolved He core 
mass, not simply the luminosity of an evolutionary track that passes through the 
HRD position of Sk— 69°202. This implies a He core mass in the region 5l^M0, 
which can be produced from a star of initial mass in the region 14-2OM0. Most 
published tracks of 8-25M0 stars still do not predict that single stars of this 
mass should end their nuclear burning lives in the blue and in fact do not pre- 



dict large nu i nbers of He-burning (or 



Arnett et al 



(ll989|) and 



Podsiadlowski 



ater s tage burning) OB-type supergiants. 



(|l992l ) show numerous examples of models 
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which can certainly end as blue supergiants with appropriately chosen (and not 

implausible) parameters of mass-loss and convective overshooting. But a consis- 
tent explanation also requires one to explain the triple ring structure ejected by 
the progenitor 20,000 yrs before explosion, the chemical abundances in the ring 
and also account for the properties of the supergiant population in the LMC. 
Both binarity and rapid rotation have been proposed as explanations. 

The binary model discussed for SN1993J (Figure[2l) actually ends with a second 
explosion of the blue supergiant, remarkabl y similar in its predicted paramete rs to 



de Loore and VanbeverenI (|l992l ) and 



Sk— 69°202. A similar idea was proposed by|i 
in this case there should be a double NS-NS system embedded in the remnant 
of SN1987A. This model however doesn't have a quantitative explanation for 
the triple ring morphology, although the timescales for mass ejection during the 
mass tran sfer phase are not inconsistent with the 20,000 yr dynamical age of 



the rings. 



Morris and Podsiadlowskil (j2007l ) invoke a wide binary model of a 15- 



IGMq primary and a lower mass S-GMq star with an orbital period of more than 
10 yrs. Unstable mass-transfer results in a common envelope phase and their 3- 
dimensional hydrodynamic model of the ejection produces a triple ring structure 
similar to that observed. 

A rapidly rotating single star progenitor has alternatively been suggested as 
a possible cause of the almos t axi-symmetric shape of the surrounding nebu- 
lar rings. 



Chita et al. 



(|2008l ) employ hydrodynamic calculations of the stel- 
lar wind properties of a 12Mq star which had an initial rotational velocity of 
300km s^^. However the model star ends its life as a red supergiant which doesn't 
match Sk— 69°202. The pre-superno va rotating model of a 2OM0 star derived by 



Hirschi. Mevnet. and Maedeii (|2004l ) can end its life in the blue, but the model 
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star has a low hydrogen content and would probably result in a lib or lb SN 



rather than a type II. There are fo ur Galactic blue supergiants with s imilar 



circumstellar nebulae to Sk— 69°202 f|Smith. Bally, and Walawender 



20071). An 



investigation into their possible binary nature, rotation rates and photospheric 
abundances would be an important way to discriminate be tween the scenarios. 



The nitrogen abundance in the circumstellar ring found bv lLundqvist &: Fransson 



(jl996l ) is significantly higher than the baseline LMC nitrogen content. The ratios 
of nitrogen to carbon and oxygen (N/C~ 5 and N/0~1 ; by number) are ex- 
tremely high and are indicative of CNO-processed material from the H-burning 
phase having been dredged to the stellar surface and then ejected in the mass- 
loss episode that formed the ring. The CNO abunda nces in twenty-four B-type 



supergiants in the LMC were recently presented by 



Hunter et al 



(120081). The 



CNO ratios ranged from 0.2 ^ N/C ^ 8 and 0.03 ^ N/0 ^ 1. Hence the CNO 



abundances in Sk— 69°202 are simi 



known in the LMC. iHunter et al. 



ar to the most highly processed B-supergiants 



(j2008l ) showed these high abundances could be 



produced by a rotationally induced mixing with a rotation rate of ~300kms~^ 
or post-red supergiant dredge-up. At least 25% of the highly processed LMC B- 
supergiants are binaries, although their orbital parameters remain undetermined. 
While rapid rotation seems attractive, there isn't yet a single model that quan- 
titatively explains the ring structure, collapse in the blue and the photospheric 
abundances consistently, while also matching the properties of the OB-population 
of the LMC. The merger, interacting binary and rapid rotation models are all 
still viable and future study of the LMC B-supergiant binary population as well 
as the Milky Way B-supergiants with ring nebulae seem promising avenues to 
constrain models further. 
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The small radius of Sk— 69°202 of '~4OR0 , compared to typical red supergiant 

radii of 5OO-IOOOR0 resulted in the distinctive bolometric and visual lightcurve 

of SN1987A. At the time it was thought that due to it being relatively faint for 

a type II, (My ~ —15.5 at peak) such events could have been missed within the 

~ 20 — 30Mpc local volume. However it now appea r s tha, t such SN1987A-like 



Smartt et al. 



((20091) suggesting they are 



events are indeed intrinsically rare, with 
less than about 3% of ah CCSNe. SN1987A and SN1993J are the two most 
extensively studied SNe of modern times and neither had the expected red su- 
pergiant progenitor expected. It appears that we have been rather fortunate, or 
unfortunate to have these explode on our door step. The next closest events since 
SN1993J were 2004am (M82 ; 3.3Mpc), 2004dj (NGC2403 ; 3.3 Mpc), 2002hh 
and 2004et (NGC6946 ; 5.9 Mpc) and 2008bk (NGC7793 ; 3.9 Mpc). All of these 
were fairly normal II-P SNe hence giving some semblance of balance to the rel- 
ative rates of the SN types discussed in Section[221 Another nearby event was 
SN1996cr whic h was missed at th e time (in the Circinus Galaxy ; 3.8 Mpc) and 



was likely a Iln 



Bauer et al. 



(|2008l ). a less common SN type. Additionally a num- 
ber of faint, nearby transients have been discovered which have been suggested 
to be SNe, but their nature is currently under debate (See Section 4.5). 
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4 The progenitors of type II-P supernovae : the most common 

explosion 

It has been suspected for many years that the type II-P SNe are the most com- 
mon explosions, by volume, in the Universe. The rates compiled in Section[22] 
now quantifiably endorse this perception. Perhaps surprising is how rare the 
brighter type II-L are. The lightcurves of II-P have generally been accepted to 
result from the near instantaneous ejection of energy in to an extended hydrogen 



dominated envelope. Numerical hydrodyn amic models ([Chevalier 



19761 ) and an- 



1980 ) both showed that large 



alytic solutions of the diffusion equation (jArnettl 
initial radii of order 10^^ — 10^^ cm were required. In these calculations the energy 
released (in the collapse of an iron white dwarf core) led to an expanding pho- 
tosphere with velocities compatible with those observed. For over half a century 
stellar evolution models have predicted that stars between about S-SOMq should 
begin helium core burning when they have expanded and cooled to become red 
supergiants and that further nuclear burning phases should occur while they are 
red supergiants. The latter depends somewhat on the mass-loss assigned, but 
standard estimates result in the end of the nuclear burning stages being reached 
during the RSG stage when the stars have radii of between 5OO-15OOR0. Even 
the addition of rapid rotation (T^ot ~300kms~^) in the stellar models still results 
i n 8 — 22M(7) stars becoming red sup ergiants during core He burning and beyond 



( Hirschi. Mevnet. and Maedei 



neous evolution (Yoon and Langer 



20041) as long as they avoid chemically homoge- 



20051 ). The recently detected UV- flash from 



young II-P SNe has been interpreted as the shock bre akout signature in a RSG 



progenitor (jSchawinski et al 



20081 . 



Gezari et al. 



20081 ) This further strengthens 



the case for RSGs being the direct progenitors of II-P SNe and may allow their 
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density profiles to be probed in the future. 

As tlie type II-P SNe dominate tlie rate of explosions in the nearby Universe 

it is not surprising that their progenitor population is observationally now the 

best constrained from direct detections of progenitors or limits thereon. Images 

of SNe sites taken before explosion will naturally be of variable quality in terms 

of depth, resolution and wavelength coverage. Additionally, nearby SNe have 

had observing campaigns of rather variable quality and time coverage. Thus the 

total information package that is available for a SN plus its progenitor varies 

widely and the combination of high quality pre-explosion images with detailed 

observation and analysis of the SN is the optimum dataset to physically constrain 

the explosion. 

The analyses of data samples of such variable quality have often adopted sub- 
jective quality bins to describe the caliber of information available, such as us- 
ing gold and silver categories 



data sets, see IRiess et al. 



_ e.g. in designating the quality of high-z SNe la 
20071 ). We shall group the II-P progenitor detections 
into three classes to illustrate the confidence in the progenitor detection and the 
quality of the data available for characterisation of the progenitor and the SN 
explosion. A "gold" event should have enough information to estimate a colour 
or spectral type of the progenitor and an initial mass. A "gold" event should also 
have enough monitoring data to allow the SN to be characterised. SN2003gd, 
SN2005cs and SN2008bk all have unambiguous and reliable detections (> lOci) 
in one or more bands. All three are almost certainly red supergiants. Two events 
fall on unresolved, compact coeval star clusters (SN2004dj and SN2004am) and 
we consider these to be gold for reasons discussed below. The "silver" events are 
those with a detection in one band which is around 3 — 5cj or have no detailed 
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study of the SN evolution (SNe 1999ev, 2004A and 2004et). The "bronze" are 

those events with no detection of the progenitor, but with magnitude Umits that 
set a useful luminosity and mass constraint. The latter turn out to be very useful 
as there are now a substantial number. The results that are reviewed fall into 
two categories. The first are those results that are model independent, the most 
important of which is that the detected progenitor stars are red supergiants of 
moderate luminosity. However many authors have then gone one to derive quan- 
titative luminosities and initial stellar masses. These are dependent on the stellar 
atmosphere models and stellar evolutionary models employed. Hence one should 
be careful to distinguish between results that are purely observational discoveries 
and those which require a theoretical model for interpretation. 



4.1 II-P progenitors : the "gold" set 



4.1.1 SN2003GD SN2003gd exploded in the nearby face-on spiral M74 (NGC628) . 



Hendrv et al 



(|2005l ) showed that it had a fairly normal plateau luminosity and 
kinetic energy although it ejected a low amount of ^^Ni (around 0.02 it O.OIMq). 
M74 had been imaged by WFPC2 on HST (3100s in F606W) and CMOS on 
Gemini North (480-960s in g'r'i') six to nine months before the SN explosion. 
A rapid attempt to identify a progenitor using ground based astrometry iso- 
lated two candidates within the 0.6 arcsec error box and the authors favoured 



the brighter star (jVan Dvk. Li. and Filippenko 



2003al ). Images of the SN with 



HST showed that this single point source was coincident with the SN to within 
13 lb 3 3 milli- arcsec , wh ich corresponds to 0.6 1.5 parsecs at the distance of 



M74. fjSmartt et al. 



20041 ) . The images are shown in Fig. [10] with the progenitor 



identified at V = 25.8 it 0.15. It is almost certain the progenitor has been iden- 
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tified , if not then the progenitor must ha ve be en fainter than V c± 27.1, which 



both 



Van Dvk. Li. and FihpDenkol (|2003a 



and 



Smartt et al 



(1200J) note would 



put the progenitor mass uncomfortably below the core-collapse limit and proba- 



bly a round 5M(7) . The /■ 



both 
from 



Smartt et al. 



Smartt et al 



)and niagnitude of the progenitor has been estimated by 



2004) and 



Van Dvk. Li. and Filippenkol (j2003a 



). The value 



(j2004l ) uses deeper, higher resolution images and employed a 
deconvolution technique to estimate the flux of the progenitor in the Gemini i'- 
band image. This resulted in My = —4.5 ± 0.6 {V — I)o = 2.3 it 0.2 which would 
imply the object is a red supergiant within the range K5-M3Ib and the position 
on an HR diagram is shown in Fig. HI The distance to this galaxy is still, perhaps 
surprisingly, not reliably determ ined with estimates ranging from 7.5-10.2 Mpc 



(reviewed by 



Hendrv et al. 



20051 ). it would be desirable to establish this more 
reliably as the mass and luminosity estimate of the progenitor is critically reliant 
on this estimate. Comparison with the stellar evolutionary models show the pro- 
genitor is likely to have had an initial mass in the range 8^2^© • The progenitor's 
estimated location on an HRD is similar to RSGs in Milky Way clusters, with 
the Galactic stars shown for comparison in FigureUl The metallicity at the site 
of the explosion was probably around solar. 

4.1.2 SN2005CS The progenitor of SN 2005cs has been reliably identified 
in the Whirlpool galaxy M51 (NGC5194). In January 2005 the Hubble Her- 
itage team mapped M51 and its interacting companion galaxy with HST's ACS, 
producing a stunning colour mosaic image of the galaxy made from four filters 
(F435W, F555W, F658N, F814W). Rather fortuitously, SN 2005cs was discov- 
ered close to explosion on 2005 June 28.9. Additionally the galaxy had also been 
imaged by HST's NICMOS instrument in five near infra-red bands and by the 
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Gemini-north telescope in JHK with image quality of 0.5-0.6 arcsec. Both the 

NIR image sets covered the pre-explosion site of SN 2005cs providing extensive 

wavelength coverage for a progenitor search. Tw o groups used HST to observe 



SN 2005cs in July 2 005 to identify a progenitor (jMaund. Smartt. and Danziger 



2005 



Li et al. 



20061 ) . The two studies identified the same object in the ACS 
F814W images as the likely progenitor (see Fig. 3). Although only detected in 
one band, the limits from the other wavelengths constrain the progenitor to be 
a red supergiant, later than approximately K3-type. Similarly to SN 2003gd the 
star was quite low luminosity and low mass, with the two /-band measurements 
of 23.3ib0.2 and 23.5±0.2 in reasonable agreement. The likely position of the pro- 
genitor on an HRD is shown in Fig.U suggesting a mass of approximately 8=b2M0 
(like SN2003gd, the nearest Hii regions in M51 display near solar metallicity) . 
SN 2005cs has been followed in detail since its explosion and is a clear example 
of a low-luminosity II- P. (see Figure[Tn] and Section [77T|) . 

The low mass of the progenitor suggests these typ es of explosion come from 



stars a t the lower mass range that can produce CCSNe. 



Eldridge. Mattila. and Smartt 



(|2007l ) investigated the possibility that SN 2005cs was the explosion of a massive 
asymptotic giant branch star (or Super-AGB star) which underwent electron- 
capture induced core-collapse. They suggested this to be unlikely, from the re- 
strictions on the photospheric temperature implied from the NIR colours. 
4.1.3 SN2008BK The II-P SN 2008bk exploded in the nearby Scd spiral 
NGC7793 at approximately 3.9 Mpc. This southern spiral had been extensively 
imaged with ESO telescopes and deep optical and NIR ir uages from the VLT 



provide a high quality data set for progenitor identification. 



Mattila et al 



mm 



used the VLT NACO adaptive optics system with the SN itself {mv ~ 13) as 
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a natural guide star to provide near diffraction limited images in the Xs-band. 

Their alignment with pre-explosion BVIJHK VLT images found a progenitor 

star within 40 milli-arcsec of the SN position, corresponding to 0.8 parsecs (Figure 

4) . The progenitor source is a strong detection in the I JHK bands and a ve ry red 



Mattila et al. 



(120081) show 



object, with / = 21.2 ± 0.2 and {I - K) = 2.86 ± 0.2. 
the stellar SED can be fit by a late type M4I with Ay = 1, and this corresponds 
to a red supergiant of initial mass 8.5ib I.OMq. The metallicity of the host galaxy 
at the position of the explosion appears to be low, intermediate between the SMC 
and LMC hence the RSGs of the LMC and Z = 0.08 tracks are shown in FigureUl 
4.1.4 SN2004DJ AND SN2004AM The vast majority of CCSNe in the local 
Universe occur in starforming regions of their host galaxie s but perhaps somewhat 



surpri s ingly are rarely coincident with bright star clusters (jVan Dvk. Li. and Filippenko 



2003c. 



Maund and Smartt 



Smartt et al 



20051 ). Quantitatively it is probably 10% or less. 
20091 ) show that in their volume limited sample of twenty II-P SNe, 
only two SNe fall on compact coeval star clusters. If these clusters are indeed co- 
eval then a measurement of their age gives a reasonable estimate for the evolution- 



ary turn-off mass and hence initial mass of the progenitor. 



SN2004dj was coinci- 



dent with the well studied compact star cluster Sandage 96 (|Maiz-Apellaniz et al. 



20041 ) in the nearby galaxy NGC2403. The proximity of SN meant that it was 
well studied and its exploding core was found to suggest an asymmetric explo- 
sion (Leonard et al. 2006). A composite stellar population was calculated by 



Maiz-Apellaniz et al 



(|2004l ) and compared with the cluster U BVIJHK^ ob- 
served SED. They estimated a cluster age of approximately 14Myrs and hence an 
initial mass for the progenit or of around ISMfD . Using different photometry and 



population synthesis models, 



Wang et al 



(j2005l ) suggested an age of 20 Myrs and 
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a main-sequence mass of 12Mq. A detailed multi-w avelength study of Sandage 



96 has now been carried out by 



Vinko et al 



(120091) after the SN faded. They 



determine a young age for the cluster which suggests a probable main-sequence 
mass for the progenitor of between 12-2OM0. 

The other example of a II-P SN originating in a star cluster is SN2004am 
which is coincident with the super star cluster L in M82 



Smartt et al. 



(120091) 



infer that the progenitor star had a mass o f 12lqM(T), from the age of the star 



cluster of 18^g'^ Myrs recently estimated by ILangon et al. 



(12003). In both these 



clusters there is a clear sign of a red supergiant population either from their JHK 
colours or the absorption lines in the 0.8 — 2.4;um spectra. Although coincidences 
between SNe and compact star clusters are rare, they provide a valid method to 
estimate progenitor masses. 



4.2 II-P progenitors : the "silver" set 

There are three SNe for which progenitor objects have been detected but the 
significance of the detections is either low or more ambiguous than the gold events, 
and in one case the study of the SN itself is poor. The progenitor of SN1999ev is 
a 4.8cr detection in a prediscovery HST image of NGC4274 [ d = 15.1 ifc 2.6 Mpc) 



It is detected at mrbbbW = 24.64 it 0.17 or My ~ —6.5 ±0.3 (jMaund and Smartt 



20051 ) . The sparse and mostly amateur measurements of its photometric evolution 



and one spectrum suggest it is most li kely to have been a 



tyee. 



I-P but it is not 



certain. If it was a red supergiant then lMaund and Smartti (|2005l ) suggest a likely 
progenitor mass of 15-18M0. 

There is also a probable d etection (4.7o" significance) of the progenitor of 



SN 2004A (jHendrv et al 



20061 ). The SN optical evolution was well studied and it 
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is a fairly normal type II-P. The putative progenitor is detected in a single filter 

(F814W) in an HST pre-explosion image at M/ ~ —7.2. The non-detection in 

a fairly deep F606W suggests t he progenitor was a red star, likely a supergiant 



(|2006l ) to suggest a red supergiant 



later than mid G-type which led iHendrv et al 
progenitor of mass 91*^2 ^0- 

Li et al. (2005) have claimed that the progenitor of the II-P SN2004et is a 
fairly massive yellow supergiant of initial mass around 15Mq. They identified 
the object in pre-explosion CFHT archive images of the nearby spiral NGC6946 
in BVR filters. This posed a challenge to well established ideas that II-P SNe 
came from larger radii progenitors. However, it is now clear that the object 
identified is not the progenitor star and is not a single yellow supergiant. Smartt 
et al. (2009) and Crockett (2009) show that the object is still visible at the same 
luminosity (in BVR) four years after the SN exploded. Crucially, with near- 
diffraction-limited Gemini NIR images, they showed that the object is a stellar 
cluster or association of several massive stars (see Figure 5). There is a significant 
difference between the pre-explosion and late post-explosion images of SN2004et 
in the /—band filter images presented by Smartt et al. (2009) which suggests that 
the progenitor was indeed detected, but only in the reddest optical band. The 
detection magnitude (/ = 22.06±0.12) and colour restriction {R — I > 1.8±0.22) 
led Smartt et al. (2009) to suggest it was a supergiant of spectral type M4 or 
later and an initial mass of 9tfM0. 

4.3 II-P progenitors : the "bronze" set 

It is routine now that the community searches high quality image archives for deep 
prediscovery images for every nearby CCSN discovered. But the vast majority of 
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SNe which have images of the pre-explosion site show no detection of a progenitor 

star. In spite of the low rate of discovery, the sensitivity of the images can 

still set interesting restrictions on the exploding progenitor stars and now the 

large number of non-detections can be used to statistically constrain the parent 

population. 

rhe dete c tion o f two further progenitors in Virgo cluster galaxies was asserted 



by 



Li et al. 



(j2007l ). in which they suggested the identification of a red supergiant 



progenitor of SN 2006my and a yellow supergiant of SN 2006ov. However two in- 



dependent studies_rfjhesam h ave rejected t 



same datalLeonard et al 



is not coincident with the 



20081'! an d 



Li et al. 



l ese tw o detections. Using the 



Smartt et al. 



(|200g|) show that SN 2006my 



(|2007l ) source. Leonard et al. (2008) estimate 



that the possible progenitor and SN2006my positions are not coincident with a 
confidence level of 96%. Smartt et al. (2009) also find that the star suggested to 
be the progenitor of SN2006ov by Li et al. (2007) is not coincident with the SN 
and cannot be confirmed ctS cl SI gnificant detection at the correct spatial position. 
These two II-P events are relegated to bronze, but the upper limits derived by 
Li et al. (2007), Leonard et al. (2008) and Smartt et al. (2009) are stiU useful. 



The volume limited search of 



Smartt et al. 



([20091) provides a succinct summary 



of the data and information available for the progenitors of type ILP SNe. Of 
the 20 nearby events, eight are the "gold" and "silver" SNe discussed above and 
twelve have no progenitor detected. Of these twelve, two are SN 2006my and 
SN 2OO60V now considered as null detections and categorized "bronze". Detec- 
tion limits can be converted into luminosity limits by employing distance to the 



galaxy, ext inction to the S^ 



correction (jThompson 



1981 



ine of sight and a t emperature dependent bolometric 



Smartt et al. 



200 ll ). This defines an exclusion region 
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in the HRD within which the progenitor was unhkely to he. This exclusion region 

is defined by the luminosity of a star that, if one converts its flux to a broad-band 
filter magnitude, would render the star detectable in the pre-explosion images. If 
one assumes that the progenitors of II-P SNe are red supergiants (which seems 
well justified by the "gold" detections and the theory of the recombination pow- 
ered plateau ; see Section comparison to stellar evolutionary models then 
allows an upper mass to be determined. Any particular mass estimate could be 
uncertain because of extinction, distance and measurement uncertainties but the 
s heer number of non-detections now ap pears to be significant. 

Van Dvk. Li. and Filippenkd (j2003d ) studied the HST prediscovery sites of 16 
CCSNe and suggested possible progenitor candidates for a few events. However 
none of these have been confirmed with follow-up HST imaging. The sensitivi- 
ties of the prediscovery imaging and limiting luminosities and masses tend to be 
meaningful for galaxies within about 20-30 Mpc (see Section 2.3); hence, the vol- 
ume and time-limited sample of Smartt et al. (2009) is the most useful statistical 
analysis of the the masses of H-P progenitors. 

4.4 The masses of the progenitor population and the initial mass 
function 



Smartt et al 



(120091) (see their Table 2) 



The twelve upper mass limits presented in 
together with the eight estimates of progenitor masses are summarised in FigE^. 
The mass distribution can be adequately fit with a Salpeter IMF of slope a = 
—2.35, assuming a minimum mass of 8.5 ± 1.0. But this fit requires a fixed 
maximum mass of 16-17Mq. As a comparison, a Salpeter IMF running from 
8.5 to 3OM0 is shown and is not supported by the data. The lack of high mass 
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progenitor stars of II-P SNe is surprising. iSmartt et al 
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(|2009l ) have further used a 



maximum hkehhood analysis to estimate the best fitting minimum and maximum 
masses for the II-P progenitors. They find that the the minimum stellar mass 
for a type II-P to form is rrimm = 8.5~^\ 5M0 and the maximum mass for II-P 
progenitors is rrimax = 16.5 ± 1.5MQ(Figl6)3). This assumes that a Salpeter IMF 
is appropriate for the underlying stellar population, although the upper mass 
limit appears robust even if the IMF slope is increased to a = —3.00. In OB 
associations and young clusters in the Milky Way disk and Magellanic Clouds 



there is no evidence fo r significant deviations from a Salpeter type slope (jMassev 



2003 



Elmegreen 



20081 ). The 

f^min value derived appears to be a robust estimate 
of the minimum mass required to undergo core-collapse. The apparent maximum 
mass that can produce a type II-P has interesting implications, which will be 
discussed further in Section^ 

The stellar masses and mass limits that have been derived in the studies 
discussed above are critically dependent on theoretical stellar models. These 
physical models provide the estimate of mass from a luminosity measurement. 
The estimate of minimum and maximum masses for II-P SNe was made using 
the Cambridge STARS code (see 



Eldridge and Tout 



2004 ). The internal stellar 



physics in modern codes are fairly similar in that they employ the same nu- 
clear reaction rates and opacity tables. The differences are in the treatment of 
mixing (convective or rotationally induced) and mass-loss. Both the mass-loss 
and rotation rates o f massive sta r s have been critically linked to initial metal- 



licity. As shown in 



Smartt et al. 



((20091) the STARS code produces model red 



su pergiants with luminosities ve r y sirn ilar t o the those from the rota. ting models 



of 



Hirschi. Mevnet. and Maedeij ( 



2004 1 and 



Heger and Langeij (|2000l ). Thus the 
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masses derived are likely to be similar whether rotation is employed or not. If 

mass-loss recipes beyond those adopted as standard (or within a factor 2) are 

used, this could indeed affect the masses. Mass-loss in the red supergiant stage is 

particularly uncertain. A major uncertainty in the stellar models is the treatment 

of convective core overshooting. Increasing the overshooting will increase the core 

mass and hence its luminosity. As the surface luminosity is set by the core, the 

masses derived for RSG progenitors will depend on the amount of overshooting 

employed. This fact highlights the explicit dependence of the masses on the input 

physics and the stellar models. Another factor is the assumption that binaries 

do not play an important role in the production of II-P SNe. It is possible that 

the minimum initial mass could be reduced to below 8Mq if a lower mass star 

(for example around SMq) evolves to a higher mass through accretion. There 

is no clear observational evidence for binarity in II-P SNe but theoretically the 

possibility remains open. 

4.5 Transients of uncertain nature : core-collapse or not ? 

An intriguing new twist in the story of optical transients occurred in 2007 and 
2008. The discovery of two objects with similar luminosities, colour temper- 
atures and line velocities within a few months led to suggestions that they 



are ph ysically relatec 



class. 



Kulkarni et al 



and t hat other peculiar transients could be of the same 



(j2007l ) reported the discovery of an optical transient in 

M85 (M85-OT2006) and suggested the origin was a stellar merger, naming the 

event a "luminous red nova". An optical transient was discovered in NGC300 in 

I II 1 

April 2008 fNGC300-OT2008 iMonardi 12008 ^ which has also not yet been given a 
supernova designation due to its uncertain nature. Bond et al. (2009) proposed 
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it could be outburst of a relatively massive OH/IR star rather than a true su- 
pernova explosion. Just 3 months earlier, a stellar eruption in NGC6946 showed 
similar photometric properties and narrow emission lines and this time was given 
a supernova designation, it is known as SN 2008S. It has been given the label of 
a supernova of type Iln based on the narrow, Balmer dominated, emission line 
s pectrum. 



Prieto et al 



(12003) and 



Thompson et al 



(|2009l ) have studied the pre-explosion 



sites of SN2008S and NGC300-OT2008 and found a bright mid-IR point source 
visible in Spitzer Space Telescope images (between 3.5-8.0/im) coincident with 
both the eruptions. Neither progenitor was visible in deep optical images which 
led the authors to suggest that these were the result of core-collapse of massive 
stars which were enshrouded in an optically thick, dense dust shell. The MIR 
SED is suggestive of black body emission from the dust shell at a temperature of 
^dust ~ 440 — 300 K, luminosities of between logL/L0 ~ 4.5 — 5.0, and black body 
radii of Rbb ~ 150 - 520 AU (for SN2008S and NGC300-OT2008 respectively). 
Stellar luminosities in this range require either evolved massive stars (with a He 
core) of mass around 8-15M0, or possibly lower i nass stars (5-8M0) which have 



gone 



through 2nd dredge up (see FigureH] and 



Eldridge. Mattila. and Smartt 



20071 ^. 

The latter can reach luminosities of around logL/L© ~ 4.5 — 5.0 dex and if 
the stellar flux is totally absorbed and re-emit ted in the MIR they are plausible 
heating sources for the detected dust shells, 
multi-wavelength images of the Local Group spiral M33 for possible counter- 
parts and found this type of object extremely rare. It appears that there are 



Thompson et al. 



(I2OO9I) searched 



fewer than 10 similar objects in this galaxy and they are likely extreme AGB 
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stars. Thus a plausible scenario for these transients (at least SN2008S and 



NGC300-OT2008) is that they are ele ctron-capture SNe (ECSNe; 



Nomoto 



Kitaura. Janka. and Hillebrandt 



19871 . 



20061 ). 

The progenitors would be super-AGB stars, having undergone 2nd dredge up 
and carbon ignition, and collap se of their 0-Mg-Ne cores is tr i ggere d by elec- 



tron capture before Ne ignites (jNomoto 



1984 



Poelarends et al 



2008h . Various 



groups are monitoring SN2008S and NGC300-OT2008 transients intensely and 
conclusions as to the explosive nature of the two transients will be forthcoming 
soon. Three ways to provide evidence for the ECSNe scenario are the detection 
of a ^^Ni decay phase, possible broad-lines from intermediate mass element ejecta 
in the very late time spectra and the disappearance of the progenitors in future 
observations. 

There is no Spitzer source at the position of M85-OT2006 in an image from 



2004 but 



Thompson et al. 



([20091) note that the post-explosion MIR evolution may 
be comparable to SN2008S and NGC300-OT2008, hence suggesting a common 
origin. Whether or not all three transients are really of the same nature and 
whether or not they are ECSN from dust obscured super- AGB stars still r e main s 
to be confirmed. The alternative scenario put forward by 



Kulkarni et al. 



(120071 1 



is that M85-OT2006 is the result of a violent merger of a low or intermediate 
mass star with a more massive primary or a compact remnant. This is still a 
viable possibility for M85-OT2006 and also for the other two. A full comparison 
of the energetics and kinematics of all three events (and also possibly SN 1999bw 
; see Thompson et al. 2008) will guide future discussion. 
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The simple fact that Ibc SNe do not, on the whole, show evidence for hydrogen 
ejected at velocities similar to the intermediate mass elements is convincing evi- 
dence that the exploding star did not have a hydrogen atmosphere. It is likely that 
some lb SNe do sh ow evidence of hydr ogen absorption features in their early pho- 



tospheric spectra (jBranch et al 



2OO2I ) and there is almost certainly a continuum 



of h ydrogen line strengths between the classic lb SNe (with no sign of H) and the 



lib (Elmhamdi et al 



20061 ) ■ Th e progenitors of lb a, nd Ic SNe have been proposed 



to be massive Wolf-Rayet stars (jGaskell et al 



19861 ) as these are massive evolved 



stars that have shed most, if not all, of their hydrogen envelope. An alternative 
scenario is that the Ibc SNe progenitors are stars of much lower initial mass in 
close binaries which have had their envelopes stripped through interaction (Roche 



lobe overflow, or common enve 



Nomoto. Iwamoto. and Suzuki 



ope ev olution; 



Podsiadlowski. Joss, and Hsu 



1991 



19951 ). This section will review the evidence from 
direct searches for progenitors of Ibc SNe within about 30 Mpc and we will in- 
clude the lib SNe in this discussion as they have also been stripped of much of 
their hydrogen atmosphere. 



5.1 Searches for Ibc progenitors 



There are 10 SNe classified as Ibc which have d eep pre-explosion irnages a vail 



able and none of them have a pr o genit or detected. 



Maund. Smartt. and Schweizeii ( 



Maund and SmarttI (|2005l ) and 



2OO5I ) attempted to use a combination of evolu- 



tionary models of single WR stars and mode l spec tra to constrain the physical 



parameters of the progenitors. 



Crockett et al. 



(j2007l ) also discussed this approach 



for SN 2002ap but the uncertain and variable bolometric correction of WR stars 
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makes it difficult to determine restrictions on mass. WR stars in the LMC and 

Milky Way show highly variable broad- band magnitud e s wit h little direct cor- 



relation with current (or initial) mass. iGal-Yam et al 



(|2005l ) have preferred a 



simpler comparison of th eir magnitude limit for the progenito r of SN 2004gt with 



known WR populations. 



Van Dvk. Li. and Filippenkd (|2003d ) carried out a simi 



lar comparison for several Ibc SNe. Figure[7] shows the broad-band magnitudes of 
WR stars in the LMC with a comparison of the limits for all the Ibc progenitors 
with HST pre-explosion images (or deep CFHT images in the case of SN2002ap). 
The deepest limit is for the Ic SN2002ap in which there is no detection of a 
progenitor star to a limit of Mb > —4.2 it 0.5 and > —5.1 it 0.5. For this 
event and any other individual SN in Fig[7]the magnitude limits cannot rule out a 
massive WR star progenitor. However lets make a hypothesis that the progenitor 
population of all Ibc SNe are massive WR stars as we see in the Local Group (and 
that the LMC luminosity distribution is a fair reflection). Then we can ask, what 
is the probability that we have not detected any of the 10 progenitors simply by 
chance. A simple probability calculation would suggest the probability is 11% if 
one assume that the likely lb progenitors are WN stars and Ic progenitors are 
WC/WO stars. Thus we conclude, at 90% confidence level that the hypothesis 
is false and the massive WR population we see in the Local Group cannot be the 
only progenitor channel for Ibc SNe. The implication is then that some of the 
population come from lower mass stars within interacting binaries and how this 
compares with the rate of Ibc SNe will be discussed below. The following two 
sections discuss interesting events in which a possible WN progenitor has been 
detected and a possible host cluster has been identified. They represent two of 
the best opportunities for characterising the local Ilb-Ib-Ic populations. 
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5.2 SN2008ax : a WNL progenitor of a lib or a binary in a 

cluster ? 

A detection of a point source coincident with a lib SN has been reported for 
SN2008ax in NGC4990. This event had a bolometric hghtcurve almost identical 
to SN1993J apart from no detected shock breakout and the early explosion phase 



was well enough observed for this to be a robust conclusion (jPastorello et al 



20081 ). The strong Ha absorption feature in the spectrum faded rapidly and 



by 56 days nearly all traces of hydrogen had disap peared from the spectrum 



which became He dominated. 



Crockett et al 



(120081 ) showed that the SN was 



coincident to within 22 milli-arcsecs of a bright point-like source detected in 
three HST bands (F435W, F606W and F814W) in pre-explosion WFPC2 images. 



Using a distance of 9.8 Mpc and extinction of E{B — V) = 0.3, 



Crockett et al 



(120081 ') estimated absolute magnitudes of Mb = -7.4 ± 0.3, My = -7.3 ± 0.3, 



Mj = —7.8 lb .3. A single supergiant SED cannot be fit to these colours and 



Crockett et al. 



(j2008l ) show that it is difficult to come up with a binary system 



which has a combined colour matching the observed and consistent luminosities 
to explain the evolutionary path to explosion for the more evolved star. The 
progenitor could have been a binary, similar to that proposed for SN1993J, but 
with additional flux within the PSF from other neighbouring stars. The object is 
consistent with a single P SF, but at a distance of nearly lOMpc, the PSF width 



corresponds to about 6pc. 



Crockett et al. 



(j2008l ) propose that the magnitudes are 



similar to WN and WNL stars in the LMC and M31. The progenitor of SN2008ax 
would be one of the brightest of this population but its colours are quite consistent 
with it being such a stripped massive star and possibly of initial mass between 
25-30Mq. Hence this remains the only possible direct detection of a WR star 



as a SN progenitor and the comparison models shown in iCrockett et all (|2008l ) 



show reasonable agreement with the final position of the progenitor in colour 
magnitude diagrams. When the SN fades we shall see if this object disappears, 
which it should if a massive WR star origin is correct, or if the "binary within a 
cluster" scenario is true. The SN was not a Ibc, but a lib in which clear evidence 
of hydrogen was seen although the transformation to a lb was more rapid than 
that seen in SN1993J. The lack of a strong shock breakout is suggestive that 
the stellar radius was much smaller than the extended (but H-deficient) K-type 
supergiant p roposed for SN1993J , hence suggesting a compact WN star could be 



viable. The INomoto et al. 



(|l993l ) model of SN1993J required an extended, but 
low mass H-shell to reproduce the shock breakout and naked He-cores produced 
the secondary rise well without the initial luminosity peak. 

5.3 SN2007gr : possible mass estimate from host cluster prop- 
erties 

As discussed above in Section [4.1.4l if a SN is spatially coincident with a coeval 
compact star cluster one can probably assume membership. Hence a measure- 
ment of the clust er age and turri - ofF m ass for a coincident Ibc SN is potentially 



very interesting. 



Crockett et ah (|200a ) show that the Ic SN2007gr lies on the 



edge of a bright source, 6.9pc from its nominal centre and that the bright source 
is probably a compact cluster. The pre-explosion HST images are not of wide 
enough wavelength coverage to determine a unique age for the cluster, or indeed 
confirm for certain that it is not an extremely bright single supergiant. A future 
com bined optical and NIR SED of the possible host cluster could give a robust 



age. 



Crockett et al 



(|2008l ) suggest that this could distinguish between two likely 
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turn-off ages of around 7 and 25 Myr. In principle it may be possible to favour 

a massive single WR star (around 30Mq) or an interacting, lower mass binary 

(around IOMq) from the cluster age. 



5.4 The rate of Ibc SNe and interacting binary stars 

The relative frequency of discovery of SNe Ibc is strongly suggestive that at 
least a fraction come from interacting binaries. The A^ibcZ-^ii ratio (discussed in 
Section[2r2]) is 0.4 it 0.1 at metallicities of around solar. If we were to assume 



that this is simply due to higher mass stars producing Ibc by becoming WR stars 
then the formation of a WR star must occur at initial masses of about 16 Mq and 
above. This is much too low to be consistent with initial masses for WR stars in 
the Local Group. In the Galaxy and LMC clusters, the turn off mass to produce 



WN stars is at 



iMassey 



20031 . 



east 25M(T) and probably closer to 35-40Mq to produce WC stars 



Crowther 



20071 ). Also the observed mass-loss rate of 16-20M, 







stars would be somewhat too lo w to produce WR stars in evolutionary models 



which adopt these M values (s ee 



2004 



Eldridge and Tout 



2004 



Heger et al. 



Crowthei 



20031 . 



2003) 



Hirschi. Mevnet. and Maeder 



The high rate of Ibc SNe was recognised as a pro blem in the 1990's and interact 



ing b i naries were suggested as a common ch annel (jNomoto. Iwamoto. and Suzuki 



19951 ) 



Podsiadlowski. Joss, and Hsul (|l992l ) calculated that 15-30% of all massive 



stars (with initial masses above 8Mq) could conceivably lose mass to an interact- 
ing companion and end up as a helium star. They assumed a fraction of stars in 
binary systems which are close enough to interact of about a third. This latter 
fraction is still uncertain an d recent results suggest it could be more than 60% 



(jKobulnickv and Frver 



20071 ) . The lack of detection of any massive WR progen- 
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itors would point towards the binary channel being a common cause of stripped, 

evolved stars at their life's end. All that is required is that the primary star in 
the system is more massive than about 8-10Mq, a companion of a few Mq and an 
orbital period less than around 100 yrs. Such systems are not uncommon in our 
galaxy, for example V Sagittae, WR 7a and HD45166 are all binary systems with 
a H-deficient primary that has probably lost its mass either through Roche-lobe 
overflow or common envelope evolution. But whether or not they will explode as 
type Ibc SNe and how common they are by volume are both unanswered ques- 
tions. If they are common progenitors of type Ibc then they should nearly be 
as common (within ~30%) as evolved massive stars (blue and red supergiants). 
Perhaps the final mass-transfer that strips the core occurs very close to the end of 
nuclear burning (in the last ~ 10^ yrs) and thus the phase lasts such a sho r t time 



Nomoto. Iwamoto. and Suzukil (|l995l ) 



that they are rare objects. Alternatively 
has proposed that common envelope evolution in binaries can result in progres- 
sively severe stripping of the envelope of the primary, leading to a sequence of 
II-L, Iln, lib, lb, and Ic. 

There are theoretical arguments that massive WR stars collapse to form black 
holes and that, at solar metallicity and be low, they do not f orm bright SN explo- 



sions. In related papers iHeger et al. 



(|2003|) and 



Frveii (|l999l ) put forward the idea 



that at around solar metallicity a star which is massive enough to shed its enve- 
lope through radiatively driven winds (~ 30 — GOMq with their adopted mass-loss 
recipe) ends up with a core mass that is too large to form a neutron star. When 
a black hole is formed, fall back means little ^^Ni is ejected and an electromag- 
netically weak explosion follows. By extrapolating mass-loss rates above solar 
metallicity they suggest that the mass-loss rate could be high enough so that 
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stars with ZAMS mass Mjnitiai > 25M0 produce the canonical core-collapse to a 

neutron star and successful neutrino driven shock. This is course still uncertain as 

mass-loss a t high metallicities remains unconstrained as do stellar abundances. 



Fryer et al 



(j2007l ) put forward the idea that all bright Ibc could conceivably 



come from interacting binaries, and massive WR sta ,rs could be collapsing qui- 



etly t o black hole holes with no visible explosion. 



Eldridge. Izzard. and Tout 



(j2008l ) illustrate that by mixing single stars and interacting binaries in massive 
stellar populations they can reproduce the Ibc ratio at solar metallicity and get 
a lower value of Mbc/iVn ~ 0.1 at O.SZq, as suggested in the surveys discussed 
in Section [2T2l This is further encouragement for the observers to improve the 
metallicity determinations of nearby SNe environments. 



5.5 The environments of type Ibc SNe 

A strong argument that Ibc SNe actually do come from stars of higher masses 
than type II-P is their association with H ii emission and areas of high stellar sur- 
face brightness in their host galaxies. An early study of the proximity of the Ibc 
and II SN e with H ii regions suggested the degree o f association was not markedly 



different (jVan Dvk. Hamuv. and Filippenko 



19961 ). However a factor of two in- 



cr ease in the numbers o f SNe available suggest differences are now discernible. 



Anderson and Jamed (|2009l ) show that the positions of SNe Ic in late-type 
galaxies tend to trace the Ha+[Nii] line emission. This contrasts markedly with 
the locality of SNe II, which are not, on the whole, associated with Hii regions. 
The SNe lb also show a higher degree of association with the IIa+[Nii] emis- 
sion than the SNe II, although somewhat less than for the Ic. As Hll emission 



requires a young population of ionizing sources (0-stars) the implication is that 
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the SNe Ic come from a younger population of pro genitors than SNe II (with the 



lb in between). 



Kelly. Kirshner. and Pahrd (|2008l ) reach a similar conclusion in 



finding that the SN Ic tend to fall on areas of higher surface brightness than the 
SNe lb and II, from surface brightness maps in SDSS host galaxies. The statis- 
tics from these studies are i mpre ssive, with 69 (type II), 11 (lb), 24 (Ic) from 



Anderson and James 



Kellvj Kirshner. and Pahrd (12003) and 100, 22, 34 from 
( 20091 ). The case for an increasing mass range for progenitors of SNe Il-Ib-Ic 
is supported by both these studies. However as bright Hii emission and in- 
tegrated continuum light is indicative of high stellar surface density and high 
specific st arformation r ates, it is also likely to trace cluster and OB-association 
localities. 



Clark et al 



(j2008l ) point out that the binary fraction in field stars is 



lower than that found in stellar clusters and OB-associations. While this is still 
not definitively proven, perhaps there is a propensity for a higher binary fraction 
in these regions. One might then imagine that these regions could conceivably 
produce higher numbers of Ibc SNe. 



5.6 Ejecta masses from SNe Ibc and GRB related SNe 

With the lack of detection of a progenitor of a Ibc event, the only other way to 
determine a stellar mass is from modelling of the lightcurve and spectral evolu- 
tion. The type Ic SNe have been subject to intense scrutiny recently due to their 
link with long -duration GRBs (LGRBs) with ejecta m asses now determined for 



nine Ibc SNe ( Mazzali et al 



2006a 



Valenti et al 



20081 . and references therein). 



The lowest of these are 19941, 2002ap and 2007gr with ejecta masses between 
1-2. 5M0. The mass of the remnant left is then critical for an estimate of the CO 
core that exploded. If we assume a canonical mass of l.SM© for a neutron star 
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remnant, then the CO core masses of these objects would be 2.5-4M0. These are 



lower than typically found f or the current masses of WC stars in the Galaxy and 



LMC ( Crowther et al 



2002 ) of between 7-2OM0 . With total energies of around 



1 — 4 X lO^^ergss"^, these are the least energetic of the Ic SNe that have been 

modelled. The likely scenario is then that they were not single, massive WC 

stars but that the CO core of this low mass was formed in an interacting binary. 

In these models a CO core of S-SMq corresponds to a primary of initial mass 

around S-ISMq. Although only a few of the nine have low masses, this is due to 

the high energy events being preferentially selected for detailed modelling and is 

not a reflection on the relative rates. 

The more energetic events, in terms of their kinetic energy and bolomet- 

ric lightcurves, indicate higher model ejecta masses. The LGRB related SNe 

(SN1998bw, SN2003dh, SN20031w) have estimated ejecta masses of 8-13M0, 

while the energetic SN2004aw and SN2003id ( which lack detected LGRBs) were 
• II 1 1 ' 



calcu lated at S-SM© (jTaubenberger et al 



20061 . 



Mazzali et aLll2006bl . lValenti et al 



20081 ). Adding a minimum of 1.5-2.5M0 for a NS/BH remnant would suggest rea- 
sonable agreement between the progenitor CO core mass and LMC WC stars. Al- 
though systematics may affect the masses determined by the lightcurve modelling 
technique and they are not yet observationally confirmed with an independent 
method, it does appear that the relative difference in the shapes of Ic SNe are 
due to an increasing ejecta mass and an increasing mass of the CO star which 
e xploded. The most energeti c of these are associated with GRBs. 



Podsiadlowski et al 



(|2004l ) suggested that the rate of energetic broad-lined 
Ic SNe is similar to the rate of LGRB which might indicate that most (or all) 
energetic Ic SNe produce GRBs. This assumed that ~5% of all Ibc SNe were 
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energe tic Ic and this is supported in the volume hmited numbers of iSmartt et al 



(1200911: of 27 Ibc only on e (2002ap) would qualify as a broad-lined Ic. As 



Podsiadlowski et al. 



(j2004l ) point out, that the observed rate of production WR 
stars in galaxies (from stars with initial masses > 40Mq) far outweighs (by a 
factor of ~ 10^) the broad- lined Ic SN rate. Thus it is certain that not all WR 
stars produce broad lined Ic SNe. If we have reason to believe that the normal Ibc 
population do not, on the whole, come from massive WR stars (see Section [5?T]) 
then what is the fate of these stars ? A further complication is that the observed 
WC/WN ratio is between 0.1 (at SMC metallicity) and 1.2 (solar metalhcity ; 
see Crowther 2007 and Massey 2003) but the Ic/Ib rate is 2 ± 0.8 (SectionE^]). 
Either the WN phase is a transient evolutionary phase for WR stars, or binary 
systems significantly alter the Ic/Ib ratio significantly. 

In summary the observational evidence supports the ideas that a significant 
fraction of Ibc SNe coming from interacting binaries in which the primary that 
explodes has a mass lower than what is usually associated with evolution to the 
massive WR phase. This is supported by the lack of progenitor detections and the 
low ejecta masses for the least energetic Ic SNe. Although some objects with low 
ejecta masses clearly have high kinetic energies (SN2002ap for example). However 
the birth places of Ibc SNe suggest that the Ic SNe, when taken as a population, 
come from noticeably younger (or denser) regions than the type II SNe. This 
could imply that they have appreciably higher initial mass. The ejecta masses of 
the most energetic events would also indicate they could be from massive single 
stars that form WRs. Hence there are likely two channels at work. The relative 
contribution of each remains to be determined and the exact relation between 
core-mass, ^^Ni production, kinetic energy and compact remnant is an area for 
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6 The fate of very massive stars 
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The most massive stars known in the Local Group are LBVs which are evolved 



blue stars with strong winds and luminosities between 5.5 <log L/L0< 6.0 (jHumphreys and 



19941 ). The most extreme have evolutionary masses in the range 80-120Mq. Their 
position on the theoretical HRD and comparison with evolutionary tracks implies 
that they are either core H-burning or He-burning stars which have evolved from 
the main-sequence (Figure[9]). Evolutionary scenarios based on stellar evolution 
theory and observational inferences from massive stellar populations in the Local 
Group have generally implied, at least up until now, that they are likely to lose 



their H and He envelopes and end up as WR-stars (IMaeder and Mevnet 



Heger et al 



2001 



Massev 



Langer et al 



1994 



(j2007l ) have proposed 



20031 ). Recently 

that some very massive stars may retain at least part of their H-envelope un- 
til their deaths. Although radiatively driven mass-loss occurs during the LBV 
phase and in the massive 0-star progenitor phase, the current measurements 
of rates are too low to completely drive off the H and He atmospheres, par - 



ticularly when wind clumping effects are considered ([Smith and Owocki 



20061 ) 



They can lose several solar mas ses of material in short and sporadic eruptions 



( Humphrevs and Davidson 



(Pauldrach and Puis 



1990 



1994') and the physical cause is not well understooc 



Smith and Owocki 



20061 . 



Smith. Vink. and de Koter 



2004 ) . Very large ejecta masses of around IOMq in these sporadic outbursts have 



been suggested along with the idea that only su per-Eddington continuurn winds 



20061 ). Thus 



or hydrodynamic explosions could be the cause (| Smith and Owocki 
the ultimate fate of these most massive stars has been uncertain. Their core 
masses at the end of evolution would suggest that they are likely t o form black 



holes, if the core collapses in a similar way to lower mass objects (j Fryer 



19991 . 
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Wooslev. Heger. and Weaveil 12002 



Heger et al 



2001 



Nomoto et al. 
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2006l l. Sev- 



eral unexpected and extraordinary discoveries in the last three years have opened 
up the debate on the physical process that governs the death of these stars. The 
core-collapse mechanism struggles to explain their nature and novel explosion 
physics has already been developed. 



6.1 SN2005gl : a very massive star 

Although Sections|3]and[5]have concentrated on searches for progenitors in galax- 
ies closer than about 30 Mpc, studies of the environments of a small number of 



SNeat larger distances (40-100 Mpc) were being carried out (|Van Dvk. Li. and Filippenko 



2003d ). The possibility of even HST images being sensitive to individual stars 
relied on locatin g very bright and henc e very massive progenitors. A remark- 



able discovery by 



Gal- Yam and Leonard! (|2009l ) shows that a star which is likely 



one of the most massive and luminous stars we know exist exploded to pro- 



duce a Iln SN. When SN2005gl was discovered, iGal-Yam et al. 



(|2007|) located 



an HST image of the host galaxy NGC266 taken in 1997. Images in two fil- 
ters were available (F547M: medium width l/-band and F218W: UV band) and 
alignment with a high resolution image taken with the Keck laser guide star AO 
system showed a bright point s ource (only in the F547M band) coincident with 



the SN. iGal-Yam and Leonard! (12009!) then showed that the star has disappeared 
in subsequent HST images with the same filter (see FigurelH]). The progenitor 
was observed with My = —10.3 and assuming a zero bolometric correction this 
implies a luminosity of log L/Lq=10^. The only stars known locally of this lumi- 
nosity and visual magnitude ar e the luminous, classical LBVs s uch as AG Car, 



AF And, P Cyg and S Dor (see 



Smith. Vink. and de Koter 



2004! . for a summary 
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of LBV luminosities, and Figure[9|). SN2005gl was a relatively bright SN Iln 

which shows distinct evidence of the SN ejecta interacting with a circumstellar 
shell (Figure[8]). The narrow Ha line in the spectrum 8 days after discovery sug- 
gests the existence of a shell of H-rich gas with an outflow velocity of around 
450km s^^. The later spectra at days 58 and 87 show the broader profile of the 
SN ejecta moving at around 1 0,000km s~^ . From these spectra and the lightcurve. 



Gal- Yam and Leonard! ((20091) estimate that the progenitor lost a modest amount 
of mass (~0.03Mq) to create the circumstellar shell but that the lack of an ex- 
tended plateau probably points to it having shed a considerable amount of its 
H-envelope before explosion. 



6.2 SN2006jc : a giant outburst followed by core-collapse 



The first discovery of a bright optical tran sient spatially co i ncide nt with a subse- 



Pastorello et al. 



mm . TheSN2006jc 



quent luminous supernova was reported by[ 
was preceded, two years earlier, by a sharply decaying outburst that reached 
Mr ~ —14.1 and was detected for only a few days. The outburst magnitude and 
fast decline is similar to the giant outbursts of some LBVs. These outbursts have 
been recorded in the Galaxy (r/ Car and P-Cygni) and in the nearby Universe 
(Section l2.5|) . but they have generally been thought to be associated with a mass 
ejection event in which somewhere between a few tenths and few solar masses 
are ejected. As the known LBVs, which have exhibited this behavi our, still re- 



tain their H-envelopes, th e mat erial is normally H and He rich. (jFolev et al. 



2003) and 



Pastorello et al 



(|2007l ) showed that the high velocity ejecta spectrum 
of SN2006jc is more like a type Ic, with intermediate mass elements O, Mg, Ca 
(and possibly Na and Si) exhibiting outflow velocities of 4000-9000km s~^ . Strong 
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He lines are persistent, but with a lower velocity of around 2000km s^^ and weak 

H is detected at later times. The narrow Hei lines are circumstellar and this 

material was ejected from the star in the recent past, although not necessarily 

in the 2004 outburst. This led to the conclusion that the explodin g star was a 

WC or WO star embeddec 



2007 



Pastorello et al 



2003, 



within a He rich circu mstellar envelope (jFolev et al 



Tominaga et al. 



20081 ). The outburst in 2004 had a 



peak luminosity of at least logL/L0~ 7.5 and total integrated energy over 9 days 
of >, 10^'' ergs. This is similar to the kno wn outbursts of high luminosity LBVs 



([Humphreys. Davidson, and Smith 



19991 ). but all of these still retain significant 



hydrogen and helium atmospheres. LBV stars are often helium enriched but are 
not completely deficient in hydrogen. The progenitor of SN2006i c was a CO core 



explos ion which raises unanswered questions about the outburst. 



Tominaga et al. 



(|2008l ) calculate a mass for the WC/WO star of 6.9M0 and an initial mass of 
around 4OM0 on the main sequence. Such energetic outbursts have never been 
associated with WR stars and this may the first observed example of a star tran- 
sitioning from the LBV phase to the WR phase through sporadic mass ejections. 
It may be that the 10^^ ergs outburst ej ected the last remnants of its outer He 



layer (jTominaga et al 



20081 . 



Foley et al. 



2007 



Pastorello et al 



20071 ). 



6.3 Constraints on II-L SNe progenitors 

There are very few direct constraints on nearby H-L SNe. This subtype appear 
to be relatively infrequent (see Tabled]) but they may be important in solving 
the problem of the lack of high mass red supergiants detected as type H-P pro- 
genitors. As the H-L by definition have a very short, or non-existent plateau 
phase they probably have a low mass H-envelope which cannot sustain a lengthy 
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recombination phase. The H-envelope mass could be reduced through mass-loss 

or binary mass-transfer. If the former, it could point to them being higher mass 

progenitors than II-P. 



The nearest II-L known, SN1980K in NGC6946 (5. 9 Mpc) had a photographic 



plate taken 49 days before maximum (jThompso: 



19821 ). At the position of the SN 



there is no star, or stellar association visible to a plate magnitude of Mp ~ —7.7™. 
The limit does rule out massive red supergiants greater than about 2OM0, but 
blue progenitors hotter than 10,000K and between 15-25M0 would be permitted. 
Another nearby type II-L SN1979C fell within a stellar association in MlOO and 
analysis of the stellar population would suggest that if all stars were coeval the 



turn-o ff mass for the SN197 9C progenitor would be 15-21M0 (jVan Dvk et al 



1999a|). 



Montes et al. 



((20001) have estimated the mass-loss history from the SN 
and find an increased rate at 10, 000-15, OOOyrs before explosion. The total mass 
loss could be as high as 4-6M0 but they suggest this is not inconsistent with the 
stellar population mass. Absence of evidence is by no means evidence of absence, 
but to date there are no arguments from direct progenitor studies for high masses 
for II-L progenitors. 

6.4 Are LBVs direct SNe progenitors ? 

The discovery of several remarkably bright, hydrogen rich (hence type II) SNe 
has reinvigorated the debate of the physical mechanisms that can produce ex- 
plosions. The first of these ultra-bright type II SNe recognised was SN2006gy, 
followed by SN2005ap, SN2008es and SN2006tf. The integrated radiated energies 
are around 10^^ ergs and the physical cause of the exceptional luminosity is not 
yet established. The total energy of these explosions has not yet been measured 
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as the ejecta masses are uncertain, but typical kinetic energies of type II SNe 

also tend to be of order 1 0^^ ergs. In the case of SN2006gy and 2006tf (Iln SNe), 



Smith et al 



(|2007l . 



20081 ) propose that the luminosity results from a physically 
similar process to that which produces II-P SNe lightcurves (as discussed in Sec- 
tionU]) but with extreme values for radial extent and density. The shock kinetic 
energy is thermalised in an opaque, dense s hell (which acts like a ph otosphere) of 



Smith fc McCravl (j2007|). The radius 



radius ~150AU and mass of ~ 10 - 2OM0 
and enclosed mass are too large to be a bound s tellar envelope, eve n when com- 
pared to the most extreme red supergiants. Thus|j 



Smith et al. 



(12003) propose that 



such dense shells were created in LBV-like giant eruptions and mass ejections, 
within a few years (perhaps up to decades) before final explosion. In this model, 
the progenitor is required to be a massive LBV, one which is massive enough to 
have undergone giant o utbursts and by implication probably greater than 50Mq. 



Agnoletto et al 



(I2OO9I ) developed a model in which interaction is the luminosity 
source, with an ejecta mass of S-ISM© impacting 6-10Mq of opaque clumps of 
previously ejected material. Again this suggests an LBV-type progenitor object. 

The other two ultra-bright type II SNe (more correctly classed II-L as they 
show no narrow absorption or emission components) SN2008es and SN2005ap are 



equa ll y luminous. 



2007 



Miller et al. 



again w ith total radi a ted en ergies ^ 10 ergs f|Quimbv et al. 



200g|). 



Gezari et al 



(|2009l ) offer an alternative explanation 



for SN2008es of a progenitor with a lower mass, extended H-rich envelope {R ~ 
6OOOR0) havin g a steady, den s e supe r- wind with mass-loss rate M ~ 10^'^Mq yr^^. 



For SN2005ap 



Quimbv et al 



(|2007l ) suggest the collision shock and thermaliza- 
tion and also the possibility of a jet explosion (GRB-like) within a H-rich massive 
progenitor. 
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2007 



Ljghtcurves powered by radioactive decay of ^^Ni were also considered (ISmith et al 



Gezari et al 



20091 ) but this requires a huge mass of ^^Ni in the ejecta 
(~20Mq). The sharp dechne in the late-time lightcurves and lack of strong [Fell] 
lines now suggests this is unlikely. Such a large ^^Ni mass could only be produced 
in a pair-instability supernova in which the high temperatures in a massive core 
(He cores of ^40Mq) induces electron-positron pair production. This absorbs 
thermal energy, the core collapses further which results in a further temperature 



rise and runaway thermonuclear burning in a massive core fjWooslev and Weaver 



1986 



Wooslev. Heger. and Weaver 



2003, for the details of the physics involved 



and review of the hist ory of this idea see 



produced and ejected (jHeger and Wooslev 



. In theory 1O-2OM0 of ^"^Ni can be 
2OO2I ) in a pair-instability super nova 



20081 ). A 



or ~5Mq in a core-collapse of a massive star (jUmeda and Nomotol 
modification of this mechanism is pulsational pair-instability in which a massive 
core undergoes interior instability aga in due to electron-positron pair production 



(jWooslev. Blinnikov. and Heger 



20071 ). This leads to an explosion which ejects 
several solar masses of material, but is not enough to unbind the star. Sev- 
eral pulsational explosions can occur and the collisions between the shells could 
conceivably produce 10^'^ ergs. Again, the shock kinetic energy diffuses ther- 
mally within an optically thick, high density, compact sphere. This produces the 



high luminosity rather than it 



being due to a large mass of ^^Ni. The model of 



Wooslev. Blinnikov. and Hegeii (120071 ) requires a large core mass from a star of 



initial mass 95-13OM0. The collisions between the ma ssive shells produces rad ia- 



tive energies in a similar manner to that discussed in 



Smith McCravl (120071 ) 



The radio lightcurve modulations seen in some SNe have been suggested to be 



due to the interaction of the ejecta with the progenitor stars' surrounding gas 
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shells which were ejected in S-Doradus type variability f|Kotak and Vink 
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2006|) 



This would point to stars which had been in the LBV phase close to the epoch of 
collapse. Additionally a direct LBV progenitor was also proposed for_SN2005gj_to 



expla in the multiple components in the absorption trough of Ha (jTrundle et al 



2008|) 



The physical mechanism that produces the ultra-bright type Iln and ILL SNe 
is still controversial and unresolved. Viable explanations are the explosion of the 
most massive stars we know, while they still retain a significant H-rich envelope or 
have recently undergone large mass ejections. Such objects are clearly reminiscent 
of known LBVs in the Local Group. These massive stars are in a position of the 
HRD that leads stellar evolutionary tracks to suggest they are at the end of 
core H-burning or perhaps have just entered core He-burning. If they are in 
fact undergoing core-collapse then their cores are significantly more evolved than 
we have thought. This would pose difficulties for stellar evolution models and 
our interpretation of the nature of known LBVs. It is also not yet understood 
if the core-collapse mechanism (i.e. collapse of an Fe-core and neutrino driven 
explosion) can account for the energies observed. 
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7 Explosion parameters and compact remnants 

The physics that governs the core-collapse and launch of the shock that destroys 
the star has been of interest since the luminosities of SNe were first estimated. 
The current view is that the shock bounce of the proto-ne utron star require s 



reinvigorating and boosting by neutrino energy deposition. (|Janka et al. 



20071 ). 



Successful explosions have been produced numerically, but within restricted mass 



ranges. Acous tic wave driveii 



shock energy (jBurrows et al. 



exp 



. osions have also been proposed to increase the 
|2006| ). The observations of progenitors do not give 
restrictive constraints on the mechanisms by themselves but by comparing with 
the explosion parameters they are of interest to the core-collapse mechanism. 



7.1 ^^Ni production and explosion energies 

One of the few direct observational probes of the explosion which can be studied 
after core-collapse is measuring the amount of radioactive ^^Ni that is synthesised. 
This nuclide is created by the explosive burning of Si and O as the shock wave 
heats the surrounding mantle and is mixed through the ejecta. The lightcurves 
of type Ibc and la SNe around peak are deter mined by the mass of ^^Ni, the 



total mass of the eje c ta and its kinetic e nergy (|Hillebrandt and Niemever 



Mazzali et al. 



2006b 



Valenti et al 



2000, 



20081 ). Models of the observ ed lightcurves 



and spectral evolution of Ic SNe h ave derived these properties (e.g. 



Mazzali et al. 



2006b 



Nomoto et al. 



2006 



20081 ) 



The photospheric stage of II-P SNe is powered by the recombination of hydro- 
gen as the photosphere cools but the nebular tail phase luminosity is determined 
by the ^^Co^^^Fe decay and its subsequent deposition of 7-rays and positrons 
which are thermalised. Thus the bolometric luminosity in the nebular phase of 
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type II SNe can be used to estimate the original ^^Ni mass. There is a large 
range in the observed tail phase luminosities of type II-P SNe (e.g. see FigurefTOj) 
and the physical interpretation has been differences in the ejecte d ^^Ni mass (for 
refere nce, t he ^^Ni mass es t imated for SN1987A is O.OTSM©) 



(12003) and 



Pastorello et al. 



(2004 



Zampieri et al 



20061 ) have measured masses of Ni a factor 



of 10 lower (than for SN1987A) in 1997D, 1999br, 2005cs. These SNe also show 
low luminosity plateau magnit udes, low ejecta velo c ities and hence l ow ki netic 



energies. The in t erpre tation of lNomoto et al 



Pastorello et al 



(12003), 



Zampieri et al 



(12003) and 



(|2004l ) is that they are initially high mass stars which result in 
faint explosions (see FigurefTTk). 

However the initial masses are dependent on the lightcurve model and at least 
for some faint type II-P SNe there are direct progenitor mass estimates (Fig- 
urelllb). For these there is no evidence of a massive progenitor, which allows no 
confirmation of the massive progenitor and black-hole forming scenario. However 
there is still a possibility of there being two populations of faint SNe - one from 



massiv e pr ogenitors as the light curve models and ejecta masses of 



(12003) and 



Nomoto et al. 



Zampieri et al 



(|2006l ) propose and one from the lower mass stars. This 
should be testable as time allows larger numbers of progenitors to be detected 
and the SN energetics quantified. In fact it should be relatively easy to detect 
the high mass progenitors. If they are around 2O-3OM0 then they should have 
—8 < Mboi < —9, which are easily detectable in the images of the quality dis- 
cussed in Sections 12.31 & HI In Figure 11 the lack of a high luminosity branch 
in the nearby SNe with progenitor information is probably a selection effect as 
these SNe are intrinsically rare and we have not had the opportunity to search 
for progenitors of their nearby analogues. 



60 Supernova Progenitors 

As it stands, the masses from direct detections and limits for progenitors sug- 
gests there is an order of magnitude scatter in the mass of ^^Ni created in the 
explosions of stars of seemingly similar masses. This is not well understood within 
the current paradigms of stellar evolution or ex plosion physics. Weak explosions 



from electron capture SNe have been proposed (jKitaura. Janka. and Hillebrandt 



20061 ) but these occur after 2nd dredge up when the 



progenitors would 



3e S- 



AGB stars and hence r a.ther luminous, logL/L(7^~ 10' 



Poelarends et al 



2003) 



Eldridge. Mattila. and SmarttI (|2007|) show that SN2005cs 



Eldridge and Tout 



2004 



for example was unlikely to have been a S-AGB star. The diversity in ex- 
plosion properties of stars with apparently similar progenitor masses could re- 
flect dependence on the exact density profile above the core, the rotation rate, 



chen iical composition, or stella r magnetic fie. 



Wooslev and Weaver 



Eldridge and Tout 



1986 



Nomoto 



1987 



d. As discussed by many modellers 



Wooslev. Heger. and Weaver 



2002 



2004 ) the computation of evolution, and subsequent explosion, 
of 8-IIM0 stars is complex due to electron degeneracy phases, thermal pulses and 
dredge-up. 

An example of further diversity in the explosions of stars of probably similar 
mass is shown in FigurefTOl In this case the bolometric lightcurves of the well 
studied SN1999em, SN2004et and SN2005cs and SN2003gd are compared. The 
distance to each galaxy is relatively well known and the monitored flux covers 
from the UV to the NIR in each case. The progenitors have masses between 
8-15Mq and are likely red supergiants. There appears to be little correlation 
of kinetic energy, ^^Ni mass or plateau luminosity with progenitor mass. The 
progenitors of SNe 2005cs and 2003gd appear very similar but their ^^Ni mass 



and kinetic energies differ by a factor of around 5. SN2003gd has a similar kinetic 
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energy to SN1999em but their tail phase luminosity are significantly different 

with the inferred ^^Ni mass a factor of 3 lower in the case of SN2003gd. This 

large diversity of explosion parameters from apparently quite similar progenitors 

is puzzling. It will be of great interest to see how the energy and luminosity of 

SN2008bk compares as it was another explosion of a fairly low mass red supergiant 

(SectionSXS]). 

The differences between the observed characteristics of II-P SNe in particular 



has previously been attributed to large differences in t 



( Hamuv 



2003 



Nadvozhin 



20031 . 



le pro genitor mass and radii 



Utrobin and Chugai 



20081 ). However the ejecta 



masses have not given good agreement with the direct masses of progenitor stars. 
Future work to reconcile the hydrodynamic ejecta masses and stellar evolutionary 
masses, which will help quantify the explosion energies better is highly desirable. 
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7.2 NS and magnetar progenitors : turn-off masses 



Figer et al 



(120051 1 suggest that the soft gamma repeater SGR 1806-20 hes within 
a stehar cluster with an age of ~ 3 — 4.5 Myr. Assuming that the progenitor 
was coeval with the starformation episode that created the cluster this would 
imply a mass of greater than ~5OM0. SGRs are thought to be magnetars, which 
are slowly rotatin g (P ~1-10 sec) highly magnetized {B ~ lO^^G) neutron stars. 



Vrba et al 



(|2000l ) suggest that SGR1900-I-14 was born within a dense stellar 
cluster. An age estimate of the stellar population has been prohibitively difficult 
due to difficulties in identifying a main-sequence turn-off. However the two M5 
supergiants have bolometric luminosities which might suggest masses of between 
8- 12M(7^ assuming the l argest distance of 15kpc (based on the RSG parameters 



of 



Levesque et al. 



Muno et al. 



20051). 

20061 ) have discovered an x-ray pulsar only 1.7 arcmin from the 
core of the massive, young cluster Westerlund 1. The age from the most massive 
stars in the cluster is 4 it 1 Myrs suggesting a progenitor mass for the X-ray pulsar 
of > 4OM0, if it is associated and coeval. The x-ray luminosity and slow rotation 
p eriod are more consiste nt with it being a magnetar. 



Messineo et al 



(12003) further suggest that the 7-ray source HESS J1813-178 
may be part of a coeval association which includes two SN remnants and a cluster 
of massive stars with ages of 6-8 Myrs. This would imply a minimum mass of 20- 
3OM0 for the progenitor. The likelihood of association between the 7-ray source 
and the stellar population is the weakest of these three and the nature of the high 
energy emission is not yet established. 

These four coincidences provide some evidence for very high mass progenitors 



of magnetars (4O-5OM0), but this requires further investigation as at least one 
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example suggests a lower stellar population mass and the association of HESS 

J1813-178 with a nearby stellar association is not yet convincing. How neutron 

stars form from very massive progenitors is puzzling and further work in this area 

is imperative. 
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8 An overview and comparison with massive stellar populations 

8.1 The lower mass limit for core-collapse 

The lower mass limit to produce a SN through core-collapse has theoretically 
been suggested to lie between 7-1 IMq. The mass estimates and limits from 
Section^] (see FigureH]) for the II-P SNe provide a minimum mass estimate of 
nT'min = 8.5~^\ 5M0 and this can be taken as an observational estimate for the 
minimum mass that can produce a core-collapse. The maximum stellar mass 
that produces white dwarfs in young stellar clusters has bee n estimated to be no 
ran 6.3 — 7. IMq at 95% confidence by 



less t 



Williams et al. 



(|2009|) 



Rubin et al. 



(|2008l ). It is not known if the most massive white dwarfs (1-1. 2Mq) have CO or 
ONe cores. Combining this with the fact that three RSG progenitors of II-P SNe 
have been unambiguously detected with very similar estimated masses (7-9M0; 
Figures[TO] and |4|) would suggest a convergence toward 8 it IMQfor the lower limit 
to produce a SN. It should be noted that the WD masses and the RSG progenitor 
masses both depend on stellar evolutionary models and also WD cooling tracks 
and the bolomet ric luminosity model for RSGs. 



The models of 



Poelarends et al 



(|2008l ) and others (see references therein) sug- 



gest that in the range 7.5- 9.25M(7) they b ecome Super-AGB stars (S-AGB) and 



form an oxygen-neon core (jNomoto 



19841 ). The most massive (9 - 9.25M0) can 



reach the Chandrasekhar limit and explode as ECSNe (see Section ITT]) while 
above 9.25M0 normal Fe core collapse occurs. The stellar models predict high 
luminosities for the S-AGB progenitors of logL/L0~5.O dex, significan tly higher 



than a ny of the progenitors observed and above most of the upper limits. 



Poelarends et al 



(|2008l ) suggest that only a few (~3%) of SNe are hkely to be ECSNe. We cer- 
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tainly do see weak explosions with low ejecta masses of ^^Ni (e.g. see FigurefTT]) 
but i n the cases of 2005cs and 2003gd the progenitor was not a luminous S-AGB 



star f|Eldridge. Mattila. and Smartt 



20071 ). It maybe that these were weak EC- 



SNe as t he ^^Ni and explosion energies were sim ilar to those of the explosion 



models of 



Kitaura. Janka. and Hillebrandd (j2006l ). but the stars did not undergo 



2nd dredge-up to become luminous. 

As discussed in Section H3] the possibility remains that the trans ients SN2008S, 
NGC 300-OT2008 and M85-OT2006 could be examples of ECSNe. (jThompson et al 



20091 ) suggest that they might be relatively common explosions and have gone un- 
detected until recently. They also point out that the rarity of the stellar analogues 
in nearby galaxies would suggest the dust enshrouded phase is short. It remains 
to be seen if the rate and explosion energies of these events are compatible with 
predicted SNe from SAGB star models. 



8.2 Comparison with Local Group massive stellar populations 



Within the Galaxy and the Local Group there is now a wealth of studies of 



evolved massive stars, both hot and cool flMassev 



20031 ) and this population is 



a reasonable comparator sample to compare with the SN progenitors we have 
discussed. 

The effective temperatures and bolometric luminosities of Gala ctic and Magel 



lanic Cloud RSGs have been revised with new model atmospheres ljLevesque et al 



2005 



20061 ). Their inferred luminosities have been substantially reduced so that 
they appear up to logL/L©^ 5.6 which corresponds to an initial evolutionary 
mass of 3OM0. It is likely that this is their final resting place before explosion 



as the minimum initial mass for a star into a H-deficient WR star is 25-30M(t 
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at around solar metallicity. iMassev. DeGioia-Eastwood. and Waterhousa (|200ll ) 
studied the WR population in twelve Galactic clusters and show that at solar 
metallicity the minimum initial mass to produce a WR throug h single st a r evo - 
lution is above 25M0. This rises to above 30Mq in the LMC. ICrowtheil pOOTI ) 
point out that there are few Milky Way clusters apart from Westerlund 1, that 
host both WRs and RSGs. This implies that they come from quite separate pro- 
genitor mass ranges. Thus Local Group studies seem to have established, with 
some measure of confidence, that RSGs evolve from single stars with masses up 
to around 25-3OM0 . At solar metallicity it is likely that stars of 25M0 and above 
can form WN stars (with more massive objects becoming WC stars) . At LMC 
metallicity this initial mass for WR formation is 30Mq. Hence one would expect 
RSGs in the range 8 to 25-3OM0 to be viable progenitors for type II-P SNe. 
Evolutionary models can reproduce this separation between the RSGs and WR 
stars by including suitable mass- loss rates (see FigureEJfor example). 



8.3 The red supergiant problem 

After just the first few years of intensive systematic searching for progenitors the 
lack of easy dete ction of moderately massive and very massive stars became an 
interestin g issue 



duced by 



Smartt et al. 



Li et al 



20031 ) . The compilation of progenitor masses pro- 



20071 ) showed an ob vious trend and lack of high mass stars 



The volume and time limited survey of 



Smartt et al 



(j2009l ) allows a statistical 



analysis of the mass ranges that produce type II SNe and type II-P in particular. 
As discussed in Section^ the 20 II-P SN progenitors can be adequately fit with 
a Salpeter IMF, a minimum mass of rrimin = 8.5lj; 5M0 and a maximum mass of 
Tn-max = 16.5 lb 1.5M0. Comparing this to the Local Group massive stellar pop- 
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ulations immediately raises the questio n of the lack of detec ted RSG progenitors 

with initial masses between IT-SOMq. 



Smartt et al 



(|2009l ) term this the "red 



supergiant problem" . There are a number of possible explanations: 

• The galaxy integrated IMF of massive stars could be significantly steeper 
than 7 = —2. It would need to be at least 7 = —3 to reduce the lack of 



mass ive RSGs to a statistically insignificant number. (jWeidner and Kroupa 



20061 ) argue that galaxy integrated IMFs could be steeper than Salpeter due 



to the maximum stellar mass being linked to its natal cluster mass. 

• All massive stars above ITM© could produce IL-L, Iln and Ibc SNe. The 
relative frequencies of the II-P SNe compared to all other core-collapse 
types match the stellar numbers from an IMF between 8.5-17M0. For 
this to happen the II-L and Iln SNe must play an important role which 
would mean severe mass loss occurs during the last stages of evolution of 
all massive stars. 

• Related to this, perhaps the metallicities of the progenitor stars have been 
underestimated. If mass-loss rates can be extrapolated to higher metal- 
licities than solar (and there is no evidence at present that they can be) 
then perhaps WR stars can be produced from lower masses than currently 
estimated at solar to LMC metallicity. 

• Perhaps massive RSGs undergo severe mass-loss during the last 1-5% of 
their lifetimes and become obscured in a dusty envelope which is optically 
thick at v isible and NIR wavele ngths (dusty red supergiants are known in 



the LMC; 



van Loon et al. 



20051 ). Hence the detections and limits reviewed 
in Section!!] could be biased against these stars, although the explosion 
would need to fully destroy the dust envelop as the SNe themselves do not 
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appear extincted. 



The massive RSGs that are visible in the Local Group between logL/LQ= 
4.0 — 5.5 dex and MinUiai ~ 17— 30Mq do end their lives in this evolutionary 
phase. But they produce SNe so faint that they have not been detected 
yet. An explanation for this is that thei r cores form black- holes with no, or 



extremely weak, explosions (jFrver 



19991 . 



Heger et al. 



20031 ). 



If any one of these five explanations is the main reason then it has important im- 
plications for both SN studies and massive stellar evolution. If a steep, galaxy in- 



tegra ted IMF is the cause it would have far reaching implications (jWeidner and Kroupa 



20061 ) . One could imagine that it is a combination of the first four and that we 
could stretch each of the current best estimates of the IMF, initial mass for WR 
formation, metallicity and metallicity dependent mass-loss and RSG extinctions 
by a reasonable amount so that the cumulative effect could account for the ob- 
servations. All the effects would need to conspire to work in unison however. 



8.4 Mass ranges for progenitors 

The most intriguing possibility is that we are seeing the first observational signals 
for the stellar mass range that form black-holes in core collapse. This is perhaps 
the explanation that would cause least contradiction with known parameters of 
massive stellar populations. Models have predicted that between about Zq and 
O.5Z0, stars with initial masses above 25M0 may not be able to explode through 
the presumed core bounce and neutrino driven mechanism. This might suggest 
that red supergiants above 25M0 and massive WR stars from initial masses above 



SOMrD col 



all (Fryer 



apse 



q uietly to form bla ck holes and either very faint SNe or none at 



19991 . 



Heger et al. 



20031 ) . In Section[5] one could draw a conclusion 
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from the review of the hmits on Ibc SNe and the measured ejecta masses that 

all Ibc SNe (which are not broad-lined or associated with GRBs) arise from 

interacting binaries from progenitors with initial masses S-ISMq. It could be 

that the more massive cores form black-holes and produce Ic SNe and GRBs 

through the collapsar mechanism. In this case the difference between quiescent 

collapse and a jet induced explosion would be angular momentum of the CO star. 

This would mean virtually all (probably 95% ; see Podsiadlowski et al. 2004) local 

WR stars do not produce Ibc SNe. At first thought this is perhaps surprising 

and controversial but this is not in serious conflict with any of the restrictive 

observational studies of SNe progenitors reviewed here. The case of SN2008ax 

suggests that single WN stars (of initial mass around 25Mq) can produce bright 

lib SNe so there may not be a sharp mass cut-off between the two types and 

it may be smeared due to other effects like metallicity, rotation and mass-loss. 

An interesting area for futur e work would be a surv ey for quietly disappearing 



massive stars as suggested bv lKochanek et al. 



WW- 



Attempts have been made in the past to extend the simple picture of the "Conti 
scenario" of massive stellar evolution in which mass-loss drives the schematic 
evolutionary phase s of mas s ive st ars 



were discussed by iMassevI (j2003l ). 



Conti 



Crowtherl tooi ) and 



19761) . V ariati ons on such ext e nsions 



Gal- Yam et al. 



(120071) 



for example. However these are overly simplified when one considers the added 
effects that metallicity, rotation and binarity can play. This is not a criticism 
of the schemes, merely a statement that a one dimensional evolutionary route 
which is based on observational evidence is probably not sufficient. Theoretical 
stellar population studies can quantify the different effects of binary fractions, 
rotational velocity distributions and metallicity with parameterized values giving 
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fract ions of the SN types and tree diagrams (e.g. iPodsiadlowski. Joss, and Hsu 



Modiaz et al 



(12003) 



I992I ). Hence an attempt is made in Figure[T2]to show the paths to core-collapse 
that match what has been presented in this review. It is meant to illustrate 
the diversity and complexity of phenomena that are observed as well as giving a 
likely path. I should stress that this is not meant to be definitive and there will 
be inevitable adjustments to the diagram as time progresses (particularly with 
regard the new types of transients) but it summarizes the results reviewed here 
and the bulk of the local SN population. One problem w ith the figure i s tha,t 
it does not adequately deal with metallicity effects and as 
show, metallicity may play a critical role in defining the explosion mechanism 
and GRB production. 

9 Summary points 

1. The progenitors of H-P SNe have been confirmed as red supergiants, al- 
though there has been a surprising lack of high mass stars detected. The 
three best detections still await confirmation that the progenitor stars have 
indeed disappeared. The lack of high-mass progenitors has interesting im- 
plications for stellar evolution and explosion mechanisms. The minimum 
mass that produces SNe seems to be converging toward 8 it IMq. 

2. It is almost certain that interacting binaries play an important role in in- 
fluencing the relative rates of types within SN populations. The progenitor 
system of the SN1993J (a lib SN) is well characterised and it appears very 
likely that a significant fraction of Ibc SNe come from interacting binaries. 

3. There is a plausible candidate for a WR progenitor (probably a WN star) 
of SN2008ax. This was a lib hence indicating that different channels can 
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produce similar, but not identical SNe. So far there is no confirmation that 

massive WR stars produce the majority of Ibc SNe in the local Universe. 

There are arguments supporting them as progenitors of broad-lined, highly 

energetic Ic SNe which are related to GRBs. 

4. Evidence now exists that LBVs or stars showing LBV like characteristics die 
in luminous explosions. The recent discoveries of the brightest hydrogen- 
rich SNe known also suggests high mass LBV type progenitors. The ex- 
plosion mechanism which produces these is not easy to reconcile with an 
Fe-core collapse. New physical mechanisms are probably required. 

5. Three low-luminosity transients have been discovered which may have dust 
embedded massive star progenitors. Their nature is currently uncertain but 
it is possible they are ECSNe in Super-AGB stars. 

10 Future issues and prospects 

• Apart from extraordinarily bright progenitors from rare SNe, it has been 
difficult to detect progenitors beyond about lOMpc. Hence the greatest 
potential for future discovery in this field will come from a concerted effort 
to gather deep, multi-wavelength (from the UV to mid-IR) wide-field imag- 
ing of nearby galaxies for future SN progenitor characterisation. This can 
be a combination of space and ground-based images. The SNe themselves 
require rapid and intense follow-up to characterise their explosions. 

• The new transients discovered at the extrema of the SN spectrum (low and 
high luminosity) require further physical understanding. It may be that the 
canonical Fe-core collapse mechanism is unable to explain the full range of 
explosion parameters and alternative explosion physics is required. This is 
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an area ripe for intense theoretical and observational effort. 

• The rare ultra-bright events, intrinsically faint explosions and SNe in low- 
luminosity metal poor hosts are likely to be discovered in much larger num- 
bers with future deep, wide-field optical surveys such as Pan-STARRS, 
SkyMAPPER, Palomar Transient Factory and eventually LSST. Potentially 
new types of stellar explosion could be discovered by combining optical de- 
tections with LOFAR, Fermi, Advanced LIGO and neutrino experiments. 

• Exactly which type of stars produce stellar mass black-holes is not yet 
understood and the lack of high mass progenitors may suggest there is a 
population of black-hole forming SNe which so far have eluded discovery. 
Searches for faint events, or perhaps no explosions at all are interesting 
areas for future effort. 
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Key Terms and Acronyms 

Acronyms 

CCSN Core collapse supernova 
RSG Red supergiant 
BSG Blue supergiant 
IMF Initial mass function 

Bolometric lightcurves: Integrated flux from the UV to the infra-red usually 

0.3-2.5/im, as a function of time, to monitor the total radiated energy. 

Type II-P SNe: SNe showing P-cygni H-lines and a long plateau in the lightcurve, 

Expanding photosphere phase powered by recombination of hydrogen. 

Type Ibc SNe: Classification into lb or Ic categories can be ambiguous, Ibc is 

often used as an umbrella term for both. 

Electron Capture core-collapse: A stellar core of ONeMg reaches the Chan- 
drasekhar limit. Electron capture by ^^Mg and ^'^Ne triggers collapse before O 
and Ne are ignited 

Luminous Blue Variables: Massive luminous stars with H and He rich atmo- 
spheres and strong winds. Variable photospheric temperatures and can undergo 
luminous outbursts. 

SN impostors: Some faint Iln SNe are actually giant eruptions of LBVs rather 
than core-collapse explosions - termed "SN impostors" 

Wolf Rayet stars: Evolved massive stars that have lost their envelopes through 
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radiatively driven winds. They have high mass-loss rates, low He and H content 

and are likely of original mass more than 25-3OM0 

WN Nitrogen sequence Wolf-Rayet 

WC Carbon sequence Wolf-Rayet 

WO Oxygen sequence Wolf-Rayet 

Gamma ray bursts: Flashes of electromagnetic radiation with durations of 
order of seconds and photon energies ~100 keV. Isotropically distributed the vast 
majority are at cosmological distances. 

Long duration GRBs: GRBs are broadly categorized into long-soft bursts 
(LGRBS ; typical duration ~20s) and short-hard bursts (~0.3s). Total 7-rays 
energy in LGRBs is ~ 10^^ erg. 

Type Ic-BL: The nearest long duration bursts are coincident with highly ener- 
getic type Ic SNe - called "broad-lined" Ic or hypernovae. 

Ultra-bright type II SNe: A newly discovered group of SNe which have enor- 
mous luminosities, typically 10^^ ergs integrated, ~100 times more than normal 
CCSNe. 

Reference Annotations 

Crowther 2003: Extensive review article on the physical parameters of massive 
WR stars. 

Gal- Yam & Leonard 2009: Discovery of a very luminous star, probably an 
LBV, as the progenitor of a Iln SN and evidence that it has since disappeared. 
Heger et al. 2003: Theoretical models of stellar evolution are linked to the 
type of SN and remnants produced as a function of metallicity. 
Massey 2003: Review of the massive stellar populations in the Local Group. 
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Pastorello et al. 2007: First discovery of a luminous outburst before the 

collapse of a massive star and subsequent SN. 

Smartt et al. 2009: Volume and time limited search for progenitors of II-P 
SNe, consistent analysis and statistical results for progenitor mass ranges. 
Smith et al. 2007: First paper on the new class of ultra-bright type II SNe. 
Woosley &; Bloom 2006: Review of the supernova - gamma ray burst connec- 
tion 
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Table 1: The relative fr equency of core-colla pse supernova types reported in 4 dif- 



ferent studies. SECM ( 


Smartt et al 


200< 


3), LWVetal07 ( 


Li et al. 


2007 


), VLF08 


(van den Bergh, Li. and Filippenko 


20051 


. PSI 


308 ( 


Prieto. Stanek. and Beacom 


2008 


), CET99 ( 


Cappellaro. Evans, and Turatto 


1999 


) . The uncertainties are sim- 



pie Poissonian errors and the total number of objects in each survey is listed in 
the Sample Size row. SECM08 and LWVetal07 are volume limited estimates with 
distance limits of 28Mpc and 30Mpc, covering different time periods. VLF05 is 
based on LOSS discoveries within about 140 Mpc. The PSB08 sample is between 
about 40 — 170 Mpc and CET99 combines various surveys mostly within 100 Mpc. 



Sample 



Type 


SECM08 


LWVetal07 


VLF05 


PSB08 


CET99 




II-P 


58.7±8.0% 


67.6±10% 


62.9±4.7% 


75.5±9.8% 


77.7±10.8% 




II-L 


2.7±1.7% 




Iln 


3.8±2.0% 


4.4±2.5% 


9.2±1.8% 




lib 


5.4±2.7% 


1.5±1.5% 


3.2±1.0% 




lb 


9.8±3.3% 




24.7±3.0% 


24.6±5.6% 


22.3±5.8% 




Ic 


19.6±4.5% 


26.5±6.2% 


Sample size 


92 


68 


277 


77 


67 





Smartt 



91 




Figure 1: The colour combined HST ACS image of SN1993J at lOyrs after explosion 
from Maund et al. (2004). The progenitor of SN1993J was a bright source in the U and 
B bands which could either have been due to a surrounding OB-association or binary 
companion in the lower resolution ground-based pre-explosion images of of Aldering et 
al. (1994). The faint blue stars E, F and G did contribute to the [/S-band excess in the 
pre-explosion images but they cannot account for all the progenitors flux. A spectrum of 
the SN1993J source shows H i absorption lines due to a B-type supergiant star coincident 
with the SN1993J remnant and this is likely the companion to the K-type supergiant that 
exploded and the main source of UB-hand flux in the pre-explosion images (Maund et al. 
2004). The exposures were taken through two near-UV fllters (250W, 2100 seconds and 
330W, 1200 seconds) shown in purple and blue, a blue filter (435W, 1000 seconds) shown 
in green and a green filter (555W, 1120 seconds) shown in red (Image credit: European 
Space Agency and Justyn R. Maund) 
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Figure 2: HR diagram illustrating the evolution of the binary system that pro- 
duced SN1993J. The blue lines show the evolution of the stars before mass trans- 
fer, the red lines during the mass transfer phase. The numbers give the stellar 
masses on the main-sequence and at the point of ex plosion of the K-type primary 



(Podsiadlowski. Joss, and Hsu 



1992 



Maund et al. 



20041) . 
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Figure 3: (a) + (b): Colour image of the progenitor of SN2008bk. The pre-explosion 
image (a) is a combination of VLT optical and NIR images and the progenitor is identified 
as a bright red point source. The Adaptive-Optics NACO image (near diffraction 
limited resolution of 0.1 arcsec) used for precise diff erential astrometry w as taken roughly 



Mattila et al 



mom 



two months after explosion. Both images are from 
(c) + (d): Colour image of the progenitor of SN2005cs. The pre-explosion HST ACS- 
W FC image (c) shows the red supergiant prog enitor found to b e coincident with SN2005cs 



by 



Maund. Smartt. and Danziger 



Li et al 



pood) . The ACS-HRC image (d) 



20051) and 

shows SN2005cs as a bright blue source. These images of SN2005cs are archive data 
taken by Fihppenko et al. (HST program GO10182; F330W images taken 46-50 days 
after explosion) and Li et al. (SNAP 10877; F555W and F814W taken at 530 days after 
explosion. 

(e ) + (f): Colour comp osit e showing the progenitor of SN2003gd using the data presented 



Smartt et al 



(120041) and 



Van Dvk. Li. and Filippenkd (|2003al ) and supplemented with 



a late-time F450W archive image from SNAP10877. As the SN is not detected in that 
image, it can be used to construct th e pre-explosion colou r composite. The image of 



SN2003gd shown in (f) was taken from 



Smartt et al 



(|2004l ). taken about 137 days after 



explosion. These examples show unambiguous RSG progenitors of three nearby type II-P 
SNe. 

Image Credit: David R. Young and R. Mark Crockett. 
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Figure 4: (a) The progenitors of SN 2003gd (black error bar) and SN 2005cs (blue shaded 
region with the STARS evolutionary tracks at Z = 0.02 overplotted from masses 6-3OM0. 
The 6 and 8M0 tracks have the 2nd-dredge up phase indicated w ith the extended dotte d 
track. The red points are the Milky Way red supergian ts from 



(b): The progenitor of SN2008bk with the LMC RSGs of 
STARS tracks at Z = 0.008. 



Levesgue et 



Levesgue et al 



(120051 ). 



20061) and the 
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WHT + AUX BVI 




Figure 5: The progenitor of SN2004et was first proposed to be a liigh mass yellow super- 
giant (Li et al. 2005), identified by the cross-hairs in the CFHT pre-explosion i?— band 
image. However the WHT image (b) in the centre panel 4 years after discovery shows the 
same source visible at the same BVRI magnitudes. A near diffraction limited if— band 
image from Gemini North clearly reveals that the object identified as the progenitor of 
SN2004et was not a yellow supergiant but a cluster of massive stars. The progenitor orig- 
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Figure 6: (a): A cumulative frequency plot of the masses of II-P progenitors, taken from 
Smartt et al. (2009). The right-hand axis is a simple number count and the SNe are 
ordered in increasing mass or mass limit. The solid line is a Salpeter IMF {a = —2.35) 
with a minimum mass of S.SM© and maximmn mass of 16. SM© which is the most likely 
fit to the data. The dotted line is a Salpeter IMF but with a maximum mass of 3OM0. 
The SNe are grouped in metallicity bins logO/H+12 = 8.3-8.4 (yellow), 8.5-8.6 (red), 
8.7—8.9 (purple), (b): The maximum likelihood analysis of the II-P progenitor sample 
gives the most likely va lue for initial and final mass and the likelihood contours (also 



from 



Smartt et al 



2009j) . The dashed lines are those calculated with detections only and 



the solid lines represent the contours calculated including the upper masses. 
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Figure 7: The BVR magnitudes (blue, g reen, red - 



symb ols) of WR stars in the 



MassevI (j2002l ) . The magnitude limits 



LMC (circled dots are likely binaries) from 
for all Ibc SNe as discussed in Section[5] are shown on the right. If these massive 
stars are the progenitors of local Ibc SNe then there is only a 10% chance we 
have not detected any by chance. The arrows are colour coded blue, green red to 
signify psuedo- limits respectively. Adapated from Crockett (2009). 
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Figure 8: The upper panels show the detection of the progenitor of SN2005gl in a 
1997 pre-discovery HST F547M image (within the white circle). The SN is shown in 
the middle panel from 2005 and is coincident with the bright progenitor object from 
1997. The repeat HST image taken in 2007 shows the progenitor star has disappeared 
(again, position denoted by the white circle). The lower panel shows the evolution of the 
Ha profile of SN2005gl, classified as a Iln. Early in the evolution, the profile is narrow 
suggesting excitation of a dense circumstellar med i um an d the broad eject become visible 
later. All material is from iGal-Yam and Leonard! (2009). 
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log Teff 

Figure 9: The HRD of the STARS evolution ary tracks (Eldridge k Tout 2004" . 
The location of the classical LBV region from iSmith. Vink. and de Koteii (|2004l ) 
is illustrated. SN2005gl had a luminosity of at least logL/L0~ 10^, which puts 
it in the LBV region indicated, or at even higher luminosities if it was hotter and 
hence had a significant bolometric correction. The region where we should see 
WR progenitors is shown and the only progenitor detected close to this region 
is that of SN2008ax. The RSG region in which observed progenitors have been 
detected is shown again for reference. 
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Figure 10: Bolometric lightcurves of II-P SNe. These four are likely to have had 
similar progenitor stars and the progenitors of SN2003gd and SN2005cs appear 
to be identical. There is a large diversity in bolometric luminosity, kinetic energy 
and ^^Ni mass from similar progenitors, hinting at intrins i c diffe rences in the 



explosions. Data so urces are S N1999em : 



iendrv et al 



2003) 



Elmhamdi et al. 



((20051); SN2005cs: iPastorello et al 



(12003); SN2003gd : 



2009|) SN2004et : iMisra et al, 
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Figure 11: Ni ma ss vs main-sequence init ial mass witli the u pper panel taken from 



Nomoto et al. 



( 20061 ) and the lower plot from iSmartt et al 



([20091) . The initial masses in 



this plot are estimated from the ejecta masses derived from lightcurve modelling. The 
lower plot shows the ^®Ni masses for nearby SNe for which there are reliable restrictions 
on the progenitor masses from direct constraints. 
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Figure 12: A summary diagram of the likely evolutionary scenarios and end states 
of massive stars, based on the observational evidence presented in this review. 
The acronyms are neutron star (NS), black hole (BH), pair instability supernova 
(PIS). The probable rare channels of evolution are shown in light brown. The 
faint SNe are proposed and have not yet been detected. 



